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ABSTRACT 
The Surface Chemistry of Metal Chalcogenide Nanocrystals 
Nicholas C. Anderson 
 
 The surface chemistry of metal chalcogenide nanocrystals is explored through several 
interrelated analytical investigations. After a brief discussion of the nanocrystal history and 
applications, molecular orbital theory is used to describe the electronic properties of 
semiconductors, and how these materials behave on the nanoscale. Quantum confinement plays a 
major role in dictating the optical properties of metal chalcogenide nanocrystals, however 
surface states also have an equally significant contribution to the electronic properties of 
nanocrystals due to the high surface area to volume ratio of nanoscale semiconductors. 
Controlling surface chemistry is essential to functionalizing these materials for biological 
imaging and photovoltaic device applications. 
 To better understand the surface chemistry of semiconducting nanocrystals, three 
competing surface chemistry models are presented: 1.) The TOPO model, 2.) the Non-
stoichiometric model, and 3.) the Neutral Fragment model. Both the non-stoichiometric and 
neutral fragment models accurately describe the behavior of metal chalcogenide nanocrystals. 
These models rely on the covalent bond classification system, which divides ligands into three 
classes: 1.) X-type, 1-electron donating ligands that balance charge with excess metal at the 
nanocrystal surface, 2.) L-type, 2-electron donors that bind metal sites, and 3.) Z-type, 2-electron 
acceptors that bind chalcogenide sites. Each of these ligand classes is explored in detail to better 
understand the surface chemistry of metal chalcogenide nanocrystals. 
  
 First, chloride-terminated, tri-n-butylphosphine (Bu3P) bound CdSe nanocrystals were 







H} nuclear magnetic resonance spectra of the isolated nanocrystals 
allowed assignment of distinct signals from several free and bound species, including surface-




 ligands as well as a Bu3P complex of cadmium chloride. 
Nuclear magnetic resonance spectroscopy supports complete cleavage of the X-type carboxylate 
ligands. Combined with measurements of the Se:Cd:Cl ratio using Rutherford backscattering 
spectrometry, these studies support a structural model of nanocrystals where chloride ligands 
terminate the crystal lattice by balancing the charges of excess Cd
2+
 ions. The adsorption of 
dative phosphine ligands leads to nanocrystals who’s solubility is afforded by reversibly bound 
and readily exchanged L-type ligands, e.g. primary amines and phosphines. The other halides (Br 
and I) can also be used to prepare Bu3P-bound, halide-terminated CdSe nanocrystals, however 
these nanocrystals are not soluble after exchange. The change in binding affinity of Bu3P over 
the halide series is briefly discussed. 
 Next, we report a series of L-type ligand exchanges using Bu3P-bound, chloride-
terminated CdSe nanocrystals with several Lewis bases, including aromatic, cyclic, and non-
cyclic sulfides, and ethers; primary, secondary, and tertiary amines and phosphines; tertiary 
phosphine chalcogenides; primary alcohols, isocyanides, and isothiocyanides.  Using 
31
P nuclear 
magnetic resonance spectroscopy, we establish a relative binding affinity for these ligands that 
reflects electronic considerations but is dominated primarily by steric interactions, as determined 
by comparing binding affinity to Tolmann cone angles. We also used chloride-terminated CdSe 





, bind nanocrystals surfaces as L-type ligands, making them soluble 
  
in polar solvents such as acetonitrile. This information should provide insight for rational ligand 
design for future applications involving metal chalcogenide nanocrystals. The strongest ligand, 
primary n-alkylamine, rapidly displace the Bu3P from halide-terminated CdSe nanocrystals, 
leading to amine-bound nanocrystals with higher dative ligand coverages and greatly increased 
photoluminescence quantum yields. The importance of ligand coverage to both the UV-visible 
absorption and photoluminescence spectra are discussed. 
 Finally, we demonstrate that metal carboxylate complexes (L–M(O2CR)2, R = oleyl, 
tetradecyl, M = Cd, Pb) are readily displaced from carboxylate-terminated ME nanocrystals (ME 
= CdSe, CdS, PbSe, PbS) by various Lewis bases (L = tri-n-butylamine, tetrahydrofuran, 
tetradecanol, N,N-dimethyl-n-butylamine, tri-n-butylphosphine, N,N,N',N'-tetramethylbutylene-
1,4-diamine, pyridine, N,N,N',N'-tetramethylethylene-1,2-diamine, n-octylamine). The relative 
displacement potency is measured by 
1
H nuclear magnetic resonance spectroscopy and depends 
most strongly on geometric factors like sterics and chelation, though also on the hard/soft match 
with the cadmium ion. The results suggest that ligands displace L–M(O2CR)2 by cooperatively 
complexing the displaced metal ion as well as the nanocrystal. Removal of surface-bound 
Cd(O2CR)2 from CdSe and CdS nanocrystals decreases their photoluminescence quantum yield 
and decreases the apparent intensity of the 1Se-2S3/2h absorption without changing the position of 
the first electronic transition or the nanocrystal size. These changes are partially reversed upon 
rebinding of M(O2CR)2 at room temperature (~60 %) and fully reversed at elevated temperature. 
These results indicate that reproducible optical properties and ligand exchange reactivity may be 
achieved if the surface monolayer of excess metal ions is carefully controlled. In fact, using well-
purified nanocrystals samples free from acidic impurities that may form L-type ionic salts on 
reaction with primary amines, we have synthesized the first fully stoichiometric CdSe 
  
nanocrystals though L-type promoted Z-type displacement. These amine-bound nanocrystals 
perform well in thin-film transistors and can be used as a synthon for Z-type addition reactions.  
 These studies together inform a coherent picture of metal chalcogenide nanocrystal 
surface chemistry. In particular, they reinforce the neutral fragment model as a viable 
pedagogical tool for training new inorganic materials chemists. We also discuss the connection 
between surface chemistry and the optical properties of CdSe nanocrystals. Both L-type and Z-
type ligands are required to fully passivate these materials. Most importantly, managing 
nanocrystal composition and optioelectronic properties demands careful analytical techniques. 
While nanocrystals are not simple molecules, they can be manipulated through rational design 
informed by accurate models. The work described here establishes a deeper understanding of 
nanocrystal surface chemistry and provides an example for future studies designed to explore the 
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 There's a scent, a touch, a slight sound, a flash perhaps with a crackle. The fruit is 
plucked, and suddenly (in)complete. The succulent fruit is sweet on the tongue (like scotch), and 
a woman smiles at the taste, thinking this is fit for us both. She gives it to the Man, and sadly, he 
becomes merely man. This fall though is not the fault of the fruit nor the sly serpent, nor the 
woman, but merely fate. Significant, yes, very much so, but damning save forgiveness of some 
demagogue, I think not. However, this is an acknowledgement, and root-word dedications aside, 
I (as the author, with all my footnote fetishes and parenthetical pleasures) must deeply 
appreciate, with the uncharacteristically sincere dedication warbled in the heartfelt lyrics of 
danke schön. a vast array of folks.  
 Like all things in the post-modern day, finding the proper place to begin can be difficult. 
I've read so many dedications and acknowledgements for inspiration, that my head spins like that 
ride at the Puyallup fair, the one where the floor drops out and you, as the rider (not the writer or 
necessarily the reader, for I, the writer, in terms of your prior knowledge, have little or none, and 
as such must rely on my very own experience to dictate my feels (mostly my thankfulness) in a 
long-winded way, to you, the reader, in order to disseminate my gratitude towards you and 
fellow audience members) stick to the sides of this giant cardboard tube as it spins round and 
round, the force pulling us outwards, as if to fling us uncontrollably out into the world. I then lift 
my arm up, gesturing perhaps, but more likely just gesturing in vain, and witness the force of the 
wild spin and am at awe. Finally, the ride stops, and an awkward child walks forth and 
demonstrates himself to the world. 
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 Thus we begin, comically I hope, a long list of unending thanks to a great many people 
who sadly, will end some day, hopefully happy. Such is the nature of tasting sweet fruit, and 
while I love to argue the benefits of an apple a day, today is not the time nor place for such 
calisthenics. Perhaps, given my obtuse (hopefully not obtrusive) introduction, I should begin 
with a platitude to σοφία, goddess of grace and the unmentionable. Clever audiences (see: 
readers) would already be aware of such praises however, so it is best that we take the tale 
forward to mortal creatures. To finish off with nectar infested things, I first must thank the bees 
for not slaying me when they had the chance. 
 Much more significantly, for bees cannot read, my first human appreciation (an 
honorable adoration)  is to Assistant Professor, disc golf extraordinaire, Jonathan Scharle (yes, I 
know your middle name) Owen, Doctorate of the Philosophy in Chemistry. I am teary-eyed as I 
say he is possibly the best young advisor an ambitious young graduate student could have. I 
almost came to work the first day, on a mid-august day in the City of New York, with a skinny 
tie, grey suit, and fedora in hand (because, obviously one can't wear a fedora on head inside). Jon 
quickly taught me however that none of such an outfit was in style in the chemistry world. In 
fact, he educated me in all that there is to know about the chemistry world at large, particularly 
with regards to the current state of affairs regarding nanocrystals and their mysteries. We used to 
ventilate theories of nanocrystal surface chemistry after long days of constructing laboratory 
equipment and battling Snyder group members out of our department-given laboratory space. I 
particularly recall with fondness the hours before distilling death in the form of 
dimethylcadmium. He had instructed me to inform my loved ones of my potentially imminent 
demise, and we watched curling, stark sober. Have you, my reader, ever watch curling without a 
single drop of alcohol? Commitment. Despite, or more likely because of, our future battles on 
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both congruent and opposing sides, in conference rooms and metaphorical(?) forests, I find it a 
great fortune to say that Jonathan Owen has been my advisor through this ordeal, and will always 
be a guide in my future. He is the Yoda to my Skywalker. 
 Next I would like to thank Professor (though I knew her best as Doctor) Brandi Cossairt. 
She came to (Jon and) me as an ambitious post-doc and really crystallized the Owen group. I had 
assigned things to their places, but she assigned them to their proper places. Without her 
guidance, I would have been frolicking restlessly in the waves of creation without a tide to pull 
me in towards the shore. I may be the first son of the Owen group, but Brandi was the first 
mother. For that I am thankful. Oh, and she also gave me the inspiration for distillation of 1-
octadecene, essential to mass utilization of the Cao synthesis, and taught the lab to use septa for 
vacuum distillation of small volumes in 20 ml vials. Also, her taste in music is awesome and 
Jared (her husband) is a killer Husky. Go Dawgs! 
 Speaking of firsts with regards to the Owen group, while I was the first full Owen group 
student, I want to thank the first half student of the Owen group, Ava Kreider-Mueller. She has 
the best voice in the group, and she has help me through some fairly crazy times and let me wail 
on her rock band drums for a night here and there with only bug-slaying as payment. Plus, she 
helped my undergrad, the wonderful Aya Buckley, with the VT-NMR experiments described in 
Chapter III. We don't even fully understand those experiments yet, but they are awesome so 
kudos of the supreme variety to both of you. Speaking of whom, I should thank Aya Buckley, 
currently a graduate student and UC Berkeley, and future powerhouse chemistry. Perhaps in the 
most truly honest and expiatory moment in the history of the Owen group, she brought me 
brownies after smashing some insignificant NMR tube the night before. For that ray of sunshine, 
and so many other fond memories (and P,P-dimethyl-n-octylphosphine) I am indebted. 
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 As for other contributors, Mark P. Hendricks (no relation) and Josh C. Choi were 
essential to the ubiquity of Chapter IV (see Chapter IV), specifically Josh ripped the lead 
carboxylate off of the lead chalcogenide nanocrystals, and Mark blasted the hell out of the 
cadmium sulfide nanocrystals, liberating cadmium carboxlyate. Josh is pretty awesome, and I'm 
sure loving life at Virginia when his philosophical musings aren't preventing him from entering 
the only establishments such philosophizing is acceptable. I want to thank Mark in particularly 
for reading a chapter of this monstrosity (see Chapter IV), and also being one hell of an Eagle 
Scout. At this point I would like to thank Mr. Scott Shaw for being my scout master when I too 
took on the burden of Eagle's Wings.  
 Zachariah M. Norman and Peter E. Chan will carry forth the legacy of our surface 
chemistry thrust within the Owen group. It has been a pleasure both doing battle side by side in 
the trenches of Havemeyer with Schlenk lines and heating mantles as our side arms, and then 
later advising these two soldiers from the side lines. Without Zak's device fabricating expertise 
and dexterous drifting coupled with his ability to host a mean radio show, my work would have 
been demonstratively less impactful and my day demonstratively less interesting. Zak also 
perused Chapter II, and his intimate knowledge of chloride-terminated nanocrystals helped mold 
some of that discussion. Peter has a mind like no one else I've ever met and is always eager to 
lend a helping hand, even if he has no more hands to lend. He even read Chapter III, the freshest 
of the chapters, and stamped it with his approval for the masses, while providing the data for the 
Z-type ligand rebinding study. I thank both Zak and Peter for their fortitude and talent, and 
recommend that they both start a pod cast where Peter picks the music and Zak picks the topic of 
the discussion and they just roll with it. 
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 Now to thank the rest of the Owen group. They are all amazing (hell, I helped pick them 
from pity's sake). Last, strange and out-dated comment aside, my fellow Owen group members 
are killer lab mates and I can't thank them enough, but I'll try to point out their individual 
contributions to this aforementioned monstrosity. Alexander Beecher, master of the 
nanocrystalline cluster and comedy goalie of Chapter I, took some of the TEM images in Chapter 
IV like a champ, and always invited me to the party of parties, MASH BASH. This New Jersey 
festival has drawn such talent as Beecher's Fault and Abraham Wolcott. The latter was 
responsible of the TEM images in Chapter II, though he did fall asleep at like 9:30 pm EDT. For 
both of these things I'm very grateful. To round out the crew responsible for nanocrystal 
imaging, I would like to thank the newest post doc to the Owen group, and my great-predecessor 
when I was but a wee researcher for Professor David Ginger, Dr. Ilan Jen-La Plante. Her sunny 
disposition even in the face of horribly prepared TEM grids has been a blessing. 
 Now, in no particular order aside from rough seniority, I would like to thank Dr. Tavi 
Semonin, Michael Campos, Leslie Hamachi, Suk ho Hong, Bert Vancura, Greg Cleveland, 
Isabelle Billinge, Robert Swain, and Rebecca Siegelman. This list rounds out the remainder of 
the Owen group. Tavi is always a source of valuable information and comic relief. Campos is 
one of the most driven graduate students I've met, and perseveres even in the face of some of the 
most malodorous compounds. He also devised the synthesis of lead carboxylate used in Chapter 
IV. I shared a hood briefly with Leslie, and she has the great honor and responsibility of 
maintaining that first Schlenk line assembled in the Owen group. I bear the scars of such duty. 
Suk ho can channel Freddy Mercury like nobody's business. Bert and Greg round out team Mark, 
and both are going places. I've had the pleasure of briefly mentoring both Robert and Rebecca, 
and I can assure you all that they too are head for great things. Finally, I would like to mention 
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former members of the group I had some interaction with, either mentoring or simply 
conversing: Rena, YiTong, Javier, Ivy, Louise, Colin, and little Alex.    
 In addition to awesome Owen group members, I've been fortunate to participate in many 
collaborations both at Columbia and Brookhaven National Laboratory. Demi Ajaya was my 
primary contact for joint EFRC-funded project between the Hone, Owen, and Wong groups 
studying energy transfer between chloride-terminated CdSe nanocrystals and graphene. Eric 
Busby and Matt Sfrier from BNL have been studying CdSe nanocrystals with various Z-type 
ligand coverages using transient absorption and time-resolved photoluminescence spectroscopy. 
Christopher Gutierrez in the Pasupathy group has helped Peter examine chloride-terminated 
CdSe nanocrystals using STM and STS. The Billinge groups has also explored some of my CdSe 
nanocrystal samples using PDF analysis. Dr. Ivan Sergeyev and Yunyao Xu from the 
McDermott group have used solid state NMR spectroscopy on CdSe nanocrystal samples, 





 This leads to me thanking my defense committee, who have magnanimously agreed to 
read this thesis, despite the work described not being of great overlap with their own research 
directions. I hope that we learn much from each other through the process of the defense. 
Specifically, I would like to thank Professors Ged Parkin and Louis Brus for serving on my 
graduate committee all these years, and always with open doors whenever I had questions, both 
scientific and philosophical. Louis is truly the grandfather of the entire branch of chemistry 
which this thesis is based upon, and thus has my upmost gratitude. Without Ged's guidance, we 
would have been at a loss as to proper application of the covalent bond classification system to 
nanocrystal surface chemistry. I have very much enjoyed my interactions with Ann, both with 
regards to NMR spectroscopy, but also in her role as Department chair. She was very helpful 
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getting the Departmental BBQ of 2013 rolling, and always supported new seminar directions and 
social events. I am also happy to present this work to Professor Ponisseril Somasundaran and 
look forward to his insight. I would also like to thank Dr. Michael Steigerwald. Not only has his 
contribution to the field inspired much of my work, he is a constant source of advice in things 
both scientific and existential. 
 The Columbia Chemistry department has an amazing array of support staff. In terms of 
scientific expertise, one cannot be more of an expert at a craft than Dr. John Decatur. Simply an 
awesome guy with an amazing NMR facility. I'd also like to thank Michael Appel for his 
engineering help. While I ran very few mass spectrometry experiments, Dr. Yasuhiro Itagaki was 
a constant presence at happy hour, and as a host and a guest I was always happy to see him. Dr. 
Jay Kirshenbaum was essential for getting the Owen lab up and running, and safety Greg has 
always been there to make sure we keep in running in ship-shape. I definitely would not be 
writing today if not for Socky Lugo and Alix Lamia, along with Dani Ferrall in the front office. 
I'm also indebted to all the folks down in the stock room, Danny, Chris, and Robert. While Bill is 
no longer with us, I would personally like to thank him for his help with moving kegs during my 
time as a happy hour chair, I also worked very closely with Debra Carter, Emilia Warlinski-
Tokiwa, and Carlos Garcia who all worked together to make my life easier and social events run 
smoothly.  
 How could I mention Happy Hour without all those people who made it so happy? 
Ashley Zuzek was my fellow happy hour chair for the class of 2014. Her organizational skills 
balanced with a love for wine really made our run as happy hour chairs exciting. Of course, our 
other fellow chairs all deserve applauds as well: Dani and Angela for crowning Ashley and me, 
Rocky and Ethan for showing us the BBQ ropes, and all the next generations of chairs that 
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helped us put on the show (Dan, Cary, Alex, Clarion, Peter, and Campos). Of course, the real 
appreciation goes out to all of those who attended our little parties, without it would have all be 
for naught. In particular, I want to thank newly knighted Dr. Tim Berkelbach and Dr. Glen 
Hocky for all of their physical chemistry expertise and for keeping me sane. Perhaps one day the 
Gentlelmen's Concern will play again (thanks for the name Sy). I've also been on more Bandar 
benders than I can count, often with Lindsay, Neena, Allison, Corrine, James, and Myles in tow. 
Our futures are bright, and more likely than not quoting some yearbook scribbling in colorful 
pen, I hope we all keep in touch. 
 I have in fact, kept in touch with a group of comrades since almost before I can 
remember. This fraternity has gone by many names (Amp Monkeys, Stalemate, Once Again, 
Whitfield Straits) but we are most commonly called simple Waconda. Without these guys, I 
wouldn't be where I am today. They've stuck with me through all of it, and like that silly song 
goes, we've made the effort to bridge all our differences in geography and sociology to stay 
together. I've know Taylor Grenier (Leo DeNardo) since kindergarten, and we lived together all 
four years of college, not to mention we have firmly established our Wookie sh(edit). I 
congratulate Andrew Shelton (Lewk Areostar) and Matthew Jorgensen (Dean Macoloso) on their 
recent weddings, and would like to point out that they were my earliest co-authors (See: Peter the 
Peacock). Together, the four of us starred in our own movies and recorded our own album. A 
true bank of brothers. Through college, we grew and expanded, adding such famous members as 
Marty Vogel and Sean (B.N.M.B.F.M.B.S.F or Tion for short) Spencer. I want to thank all of 
you for your support, and always nodding thoughtfully as I explain my work over a few beers 
even though you have no idea what I'm talking about. 
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 With friendly acknowledgements dispensed, I move now towards familial ones. I would 
like to thank my parents and my sister for all of their love from the beginning. I haven't always 
been the best at keeping in touch or expressing what people mean to me, but my family means 
the world to me and I wouldn't have been able to do this whole doctorate thing without them. I 
mean, literally, I wouldn't have cared so much about school or had the means to go to college, if 
it wasn't for my parents constant emotional, educational, and financial support. My mother has a 
unique way of granting me the freedom to journey my own roads while always keeping the 
safety harness of maternal love wrapped invisibly around me. My father, possibly 
unintentionally, set me on the path towards chemistry graduate school by regulating my use of 
pyrophorics, and his wily sense of humor and wit has influenced my own. Carolyn and I have 
always been competitive, but it is a competition born out of love and respect for the others 
talents. You better watch out, world of linguistics, there's a heavy hitter coming to bat. My 
grandparents on both sides have also contributed much more than just blood. In particular, my 
grandfather, Charles Hill, chemist, has always been there to get me to look at the world through a 
different set of lenses. His wife Barbara is the most kind woman I have ever known, and I owe 
her some million thank-you cards. Though MA and Dusty aren't here today, they're influence on 
me has been significant. All of my other family, Peggy, Becky, Harry, Jenny, Anne, Britt, Dana, 
Linda, Benjamin, and Dana I thank as well. Finally, I want to give a special accolade to my Aunt 
Alicia, whose love of science has inspired me and will so forever.  
 One other very special person who along with her breath-taking beauty has stuck with me 
through all of this craziness we call graduate school. We met some time Freshman year of high 
school, but I can't recall the first time we spoke. I do remember her tenderly clutching my green 
velvet jacket at some silly basketball game and lightly pushing me away from the little cubby in 
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the chemistry classroom where she would trade her heels for lab-appropriate shoes and suddenly 
be the same height as me. I won't go into the cornucopia of little anecdotes or vignettes my 
memory has collected over our years together, because the wonderful memories would fill much 
more than the following 260 odd pages. This section though is to acknowledge the very real and 
inexpressibly important role that Ms. Jimi Renee Bush has played in my life. God-knows how 
many late nights I would spend in lab, and come home to find her in all her glory waiting for me 
with a warm meal and loving embrace. Even when my confidence lay shattered in little bits all 
over the floor of our tiny apartment, she would sweep them up and meld them back together with 
the talent and style of a expert goldsmith. Graduate school is challenging, not just for those 
involved directly, but also for those at our side. For all of her love, rock-solid support, and little  
sticky notes signed Eve, I thank her from the bottom of my heart for the last five years.  
P.S. I love you. 
 Now a lighter note (though what is lighter than love which is so both heavy and yet also 
so airy?) there's been an innumerable number of people who have affected my life and thus this 
work, which has been my life's for the last five years. Chaos theory aside though, I will try an 
assemble a crude list as follows: Ms. Renee Albright, Mr. Barlow, Joanne Tess, Mr. Brad Jones, 
Dr. Stewart Merrit, Ms. Lee, Professor David Ginger, the University of Washington, Dr. Kevin 
Noone, Professor Martyn Pemble, the Seahawks for finally bringing Seattle a little sports glory, 
The Tyndall Institute, The NYC Giants, NYC Yankees (even though I'm more of a Mets fan), 
Dr. Ian Povey, Dr. Nathan Wright, Professor Nicholas Strandwitz, Stan Lee, Ms. Jordan (for 
showing me to what a little confidence entitles one) Rev. Rod Castro, The Weakerthans, The 
Constantines, Brand New, The Beatles (for musical accompaniment), C.S. Lewis, Brent (for the 
CDs and for demonstrating the utility of a real education), UCSB, Matt Weiner, Joss Whedon, 
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J.D. Salinger, Nietzsche, a youthful George Lucas, whoever wrote the Gospel According the 
Mark, and finally both Columbia University and the National Science Foundation for financial 
support. 
 With that all out of the way, I am proud to present you, my very dedicated reader, with 
my very last thank you, for if you waded through all that pomp and circumstance, you must truly 
have the fortitude to dive into the murky world at the surface of nanocrystal semiconductors. 
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And he looked up and said 
 "I see men as trees, walking"  
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1.1.1 Semiconductors and Nanotechnology
1
  
 Semiconductors have become an integral part of modern society, affecting nearly all 
aspects of human activity. The semiconductor revolution has changed the way we acquire 
energy, conduct research and business, and even the way we communicate on a day-to-day 
basis.
2
 Semiconductor crystals have been studied as early as 1833 when Faraday noted an 
increase in the conductance of silver sulfide upon heating.
3
 A unified theory describing 
semiconductor behavior, however, was not realized until Einstein's landmark publication on the 
photoelectric effect and the subsequent work by Wilson, Schottky, and Mott.
4-7
 The first 
industrially relevant semiconductor was patented and produced by Bardeen, Shockley, and 
Brattain at Bell Laboratories in 1947, leading to their 1956 Nobel Prize in Physics and a world-
wide technological revolution.
8,9
 The drive for ever-smaller transistors, and thus the 
semiconducting materials that comprise them, is governed by Moore's Law, an empirical 
observation and prediction that states the number of transistors per processor (i.e. the computing 




  are solution-processable 
semiconductors with sizes between 1-100 nm and may be the next step forward in the ever-
shrinking world of semiconducting technology. Nano-scale semiconductors offer much potential 
in terms of technological applications, though many interesting challenges must first be 
overcome to realize their latent utility. First, however, we must understand semiconductors and 





1.1.2 Semiconductor Properties from Molecular Orbital Theory 
  Semiconductors lie in the middle of the spectrum of solid state materials between metals, 
which conduct heat and electricity, and insulators, which, as the name implies, do not conduct 
heat or electricity. These properties are dictated by the band structure of the material, specifically 
the difference in energy between the occupied valence band and the empty conduction band.
12
 
The valence band is comprised of the occupied bonding orbitals while the valence band is 
comprised of the unoccupied anti-bonding orbitals. One need only consider the simple molecule 
H2 to derive a single bonding orbital and a single anti-bonding orbital. In an infinite lattice of 
atoms (e.g. bulk crystals), an infinite number of bonding and anti-bonding orbitals would be 
formed, and this infinite number of orbitals is considered a "band" in the simplest of terms 
(Scheme 1). The difference in energy between the upper "edge" of the valence band and the 
lower "edge" of the conduction band is called the band gap and is analogous to the first 
electronic transition (HOMO to LUMO) in smaller molecular system.  
 The energy of the band gap and the occupation of the bands dictate many aspects of the 
optical and electronic properties of the material. Metals have a partially unoccupied band as the 
highest occupied band, and therefore conduct electrons without exciting a carrier to an occupied 
band. Insulators have band gaps large enough that thermal excitation of electrons from valence to 
conduction band at room temperature is insufficient to allow measurable conduction. 
Semiconductors lie in between these two regimes, i.e. thermal excitations cause the occupancy of 
the conduction band to be great enough to yield measurable conduction at room temperature. 
Generally semiconductors have band gaps between 0 and 4.0 eV, roughly energies accessible 
with near infrared, visible, and low-energy ultraviolet light at room temperature. The electronic 
properties of materials generally follow periodic trends. A good example of this is the difference  
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Scheme 1. Simplified Molecular Orbital Diagram of a Covalent Semiconductor 
 
 
in band gap between diamond (C, 5.5 eV), silicon (2.1 eV), germanium (0.67 eV), and  
tin (0.1 eV).
13
 Such comparisons work best though between materials with the same crystal 
structure. Graphene, another allotrope of carbon, has a band gap of 0 eV, and the β-allotrope of 
tin is metallic.
14
 This illustrates the significance of crystal structure when discussing 
semiconductors, and should not be surprising given the role of bonding geometry in molecular 
orbital theory.  
 The importance of crystal structure emphasizes one key component of applying 
molecular orbital theory to predict the properties of solid state materials, namely that the 
materials in question must have long-range order such that many atoms are in the same bonding 
environments (e.g. oxidation state, valency, bonding geometry) and thus the orbitals formed 
upon mixing are degenerate. Highly disordered solids cannot be described as having bands 




Scheme 2. Simplified Molecular Orbital Diagram of a Binary Semiconductor 
 
 
bonding environments leads to disruption of the band structure prevent disordered materials from 
acting as continuous band semiconductors. Boundaries between crystal phases and impurities 
such as vacancies (the lack of an element) or foreign atoms (dopants) can drastically affect the 
electronic properties of these materials. The scale of the ordered domains needed to describe a 
material as having bands will be determined by the delocalization of the electron (or hole) over 
the structure, and is indeed one of the most interesting components of nano-scale 
semiconductors. 
 While single element crystals serve as simple models to illustrate periodic trends, binary 
and more complex materials can also be characterized as metals, insulators, and semiconductors 
using molecular orbital theory. In binary crystals, the metal element is oxidized by the more 
electronegative non-metal, resulting in a positively charged metal cation and negatively charged 
non-metal anion. The highest occupied atomic orbital of the metal loses its electrons, becoming 
the unoccupied conduction band, and the highest unoccupied atomic orbital in the non-metal 
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gains electrons, becoming the valence band. Therefore the conduction band and valence band are 
made up of metal-like and non-metal-like orbitals respectively (Scheme 2). Therefore, the 
electronic properties of the bulk material can be estimated based on the nature of a single bond 
formed between the two elements. Compounds with a high degree of ionic bonding are 
insulators, while more covalent bonding leads to semiconducting properties. Sodium chloride, 
for instance is an insulator, reflecting the difficulty in removing an electron from Cl
-
 and 
returning it to Na
+
. The group 10 chalcogenides (II-IV semiconductors), on the other hand, have 
smaller band gaps, ranging from zinc oxide at 3.3 eV to the semi-metal, mercury (II) telluride, 
with a band gap near 0 eV.
15
 Again this reflects the ability to estimate band gap based on 
periodic trends. Moving down a metallic group decreases the energy of the conduction band 
(reflecting an increase in ionization energy) while moving down a non-metallic group increases 
the energy of the valence band (due to the decrease in electron affinity). While crystal structure 
is still important in determining some higher order electronic transitions and other physical 
properties of polynary semiconductors, particularly in those with multiple stoichiometries, the 
band gap of binary semiconductors is dominated by the difference in electronegativity of the 
metal and non-metal. Binary semiconducting nanocrystals, particularly cadmium selenide, will 
henceforth be the primary materials discussed throughout this work.  
 The electronic structure of metal chalcogenide nanocrystals is similar to regular 
semiconductors, but with a nanoscopic "twist". The confined dimensions of nanocrystals leads to 
numerous physical effects that have resulted in many interesting and high impact  
publications.
16-21
 For the most part, nano-scale phenomena can be classified as either quantum-
size effects resulting from confinement of electrons or phonons, or surface dominated effects 
derived from the high surface-to-volume ratio of these materials. As will become apparent from 
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the research compiled in this thesis, these two categories are highly intertwined, and while the 
major focus here will be the surface-derived effects related to manipulating surface chemistry, a 
basic understanding of the physics behind electron confinement is required to fully appreciate 
colloidal nanocrystals. 
1.1.3 Quantum-Size Effects 
  If we remember back to our undergraduate physical chemistry courses, a the  
"particle-in-a-box" model is used to understand the energy of a particle in an isolated potential, 
where the probability of finding the particle is confined by a sharp potential barrier. The energy 
of the confined particle can then be defined by the size of the box, the mass of the particle, and a 
principle quantum number.
22,23
 Decreasing the dimensions of the box increases the energy of the 
particle. When an electron is excited into the conduction band of a semiconductor, it remains 
electrostatically associated with the hole left behind in the valence band. This exciton, or bound 
electron-hole pair, is delocalized over some space, defined as the Bohr radius, due to the analogy 
between the Bohr model of a hydrogen atom and an electron excited in a semiconductor. In bulk 
semiconductors, the Bohr radius is generally many orders of magnitude less than the crystal 
lattice, and therefore confinement effects are insignificant. If the crystal lattice of a material is 
smaller than its Bohr radius, however, the energy of the exciton is affected by quantum 
confinement, resulting in the tunable band gaps of nanocrystal materials.
24
 The magnitude of the 
Bohr radius is a material-dependent property, therefore some materials will begin to display 
quantum confinement at different sizes than others. For CdSe, the Bohr radius is ~5.6 nm, 
therefore nanocrystals must be smaller than 11.2 nm in diameter before the band gap becomes 
size dependent.
25
 Figure 1 shows several different absorption spectra for several different size 




Figure 1. Absorption spectra for six nanocrystal sizes. Peak maximum has been 
correlated empirically to nanocrystal size.
26
 The red spectrum has a peak maximum at 
580 nm corresponding to a 3.8 nm nanocrystal diameter. The orange spectrum has a peak 
maximum at 575 nm corresponding to a 3.7 nm nanocrystal diameter. The yellow 
spectrum has a peak maximum at 573 nm corresponding to a 3.6 nm nanocrystal 
diameter. The green spectrum has a peak maximum at 568 nm corresponding to a 3.5 nm 
nanocrystal diameter. The blue spectrum has a peak maximum at 553 nm corresponding 
to a 3.1 nm nanocrystal diameter. The violet spectrum has a peak maximum at 537 nm 




 While the size-tunable band gap is perhaps the most obvious electronic effect caused by 
confinement, the features of the spectra in Figure 1 are also significant. The absorption spectra of 
bulk semiconductors lack significant peaks. The bands in a semiconductor are continuous, and 
consequently any energy of light greater than the band gap will excite an electron from the 
valence band to the conduction band. Not only do small semiconductors experience quantum 
confinement, but nanocrystals also have fewer atoms resulting fewer orbitals and therefore less 
degeneracy at the band edge.
24
 As a result, the edges of the bands in nanocrystals are no longer 
continuous, but instead consist of discrete states, enhancing the absorption coefficient at some 
energies but suppressing absorption at energies that fall between state to state transitions 
(Scheme 3). The absorption spectrum of nanocrystals are therefore have distinct peaks, akin to a 
small molecule at energies near the band gap, but similar to a bulk material at higher energy.
27
 
This demonstrates on a spectroscopic level that nanocrystals really are the "link" between the 
world of small molecule chemistry and bulk material physics.  
 Brus, Bawendi, and co-workers have used various spectroscopies to assign the electronic 
transitions in the absorption and photoluminescence spectra of the cadmium  
chalcogenides.
16,19-21,28,29
 The first electronic transition of the absorption spectrum for CdSe 
nanocrystals has also been empirically correlated with nanocrystal diameter measured by 
transmission electron microscopy, providing a spectroscopic handle for determining nanocrystal 
size
29-32
 While the extinction coefficient of nanocrystal is size-dependent at longer wavelengths, 
the intensity at 350 nm can be used to accurately measure the concentration of nanocrystals using 
the formula published by Leatherdale et al.
29
 These fundamental studies that first explored the 




Scheme 3. Simplified Molecular Orbital Diagram of a Quantum-Confined Binary 
Semiconductor.  
 
Violet line depicts first electronic transition, corresponding to the first peak in the 
absorption spectrum. 
 




1.1.4 Summary of Motivation 
  To summarize, colloidal semiconducting nanocrystals are soluble, 1-100 nm crystals 
with quantum-confined, size-tunable band gaps below 4 eV. Of course each of these descriptors 
combine to make these materials exciting for a number of applications. Having colloidal 
semiconductors opens the door for solution-processing techniques, such as ink jet printing or 
roll-to-roll fabrication currently used to publish newspapers and other inexpensive, mass-
produced commodities. Applying these methods towards transistors and other devices that utilize 
semiconductors could drastically reduce the cost of these technologies. The quantum confined 
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aspect of these materials is also of particular interest, both for applied science and also 
fundamental studies. At such small sizes, the electrons within these semiconducting materials 
begin to experience confinement. Smaller size nanocrystals have wider band gaps than larger 
nanocrystals of the same material, allowing the absorption and emission of these materials to be 
precisely tuned. This has led to extensive investigation into utilizing these materials in 
photovoltaics and imaging; applications that comprise the major motivation, at least in terms of 
broader impacts, for the fundamental research described in this body. 
1.2 Applications of Colloidal Semiconducting Nanocrystals 
1.2.1 Imaging 
 Both imaging and photovoltaics warrant their own in-depth coverage and as a result have 
been the subject of many review articles.
38-43
 However a short summary of the state-of-the-art in 
terms of both academia and industry will help contextualize the specific research goals herein. 
Currently the only major industrial relevant application of these materials are those that rely on 
the stability, large absorption cross-section, and high quantum efficiency of individual 
nanocrystals. In particular, nanocrystals outperform competing materials in the areas of next-
generation, high-definition displays and biological imaging. Major companies, such as Sony and 
Amazon, have begun included nanocrystals as down-converters for blue light emitting diodes, 
producing sharper red and green colors in the displays of high-definition televisions and tablets.
44
 
The size-tunability and narrow emission bandwidth of these materials has made them ideal for 
applications where a specific wavelength is desirable, and the advertised quality production cost-





 Several other companies now produce CdSe nanocrystals for labeling applications, and 
these materials can be purchased from regular chemical suppliers, though at a high price 
considering the cost of precursor material.
46
 Commonly used organic chromophores are much 
more prone to photo-bleaching than their inorganic counterparts, and the tunable emission 
spectrum of nanocrystals allows for custom-designed absorbers and emitters at wavelengths that 
pass through tissue without harming the subject.
40
 Fundamental academic research in the area 
has focused recently on functionalizing the surface of nanocrystals to allow both targeting of 
specific biologically-relevant substrates and enhance solubility and stability of these materials in 
aqueous solution.
40
 In addition, efforts to synthesize non-toxic nanocrystals to replace cadmium 
and lead salts have had some limited success,
47
 however adapting these materials towards 
imaging applications has proved challenging. Both solubility and quantum yield are controlled 
by the surfaces of these materials. In particular manipulating surface ligation is essential to 
functionalizing nanocrystals while maintaining a high photoluminescence quantum yield  
(see below). 
1.2.2 Devices Utilizing the Photovoltaic Effect 
 The potential applications of a solution-processable semiconductor are nearly unlimited. 
Roll-to-roll printing of semiconductor inks could turn high-cost transistor fabrication into a 
process as inexpensive as printing newspapers.
48
 The greatest potential impact of solution-
processed manufacturing of semiconductors is in the energy sector, where production of low-cost 
solar cells could allow wide-scale implementation of this renewable source of energy, curbing 
greenhouse gas emissions and securing energy independence for the nation.
49,50
  Mass-
production of next-generation solid-state lighting could also help conserve energy while utilizing 





 Consequently, many research groups have dedicated time 
and energy into utilizing colloidal nanocrystals in a variety of device architectures.
41-43,48
  The 
solution-processability of these materials makes them ideal for three device architectures that can 
be fabricated with ease on a laboratory scale. Device design has been primarily driven by 
photovoltaics as is the discussion below, however the same architectures can be used to produce 
light emitting diodes. While the principles required for optimizing these two applications differ, 
efficient charge separation for photovoltaics versus efficient charge recombination for light 
emitting diodes, non-radiative recombination at materials interfaces is a primary loss mechanism 
for both types of devices.  
1.2.3 Grätzel Cells 
  Some of the earliest devices utilizing nanocrystals were Grätzel-style dye-sensitized 
solar cells. In a standard Grätzel cell, a light absorbing dye sensitizes a wide-band bap metal 
oxide electrode, usually TiO2, and the circuit is completed by a solution of a redox coupled 
electrolyte and counter electrode.
52,53
 Cadmium chalcogenide nanocrystals have been used as the 
dyes in these devices, and therefore much effort focused on the development of surface 
chemistry that would link nanocrystals to the porous TiO2 electrode.
54-56
 While this method 
showed some early success, less reactive electrolytes need to be developed to avoid nanocrystal 
degradation. 
1.2.4 Type II Bulk Heterojunctions  
 Another related design is the bulk heterojunction device often employed in polymer and 
small molecule organic photovoltaics.
57-59
 In these devices, the carriers are separated at the 
junction of two materials that are mixed together to form nano-scale domains in order to 
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minimize the distance required for an exciton to travel before reaching the junction.
60
 The 
materials must form a Type II electronic configuration, with the conduction (LUMO) and 
valence (HOMO) bands of the donor material lying just above the conduction and valence bands 
the acceptor, respectively.
61
 The conduction band position can be modulated by tuning the 
nanocrystal size, however early attempts at adopting nanocrystals in bulk heterojunction devices 
prove difficult because the energies of conduction and valence band relative to common organic 
polymers was not well-known.
62
 More recent efforts, including altering the size and shape of the 
nanocrystal and choosing accepting materials with more-suitable band alignment, has led to 
some modest success in terms of device efficiency.
63-66
 The first nanocrystal light emitting diode 
was reported by Colvin et al. and utilized a polymer/nanocrystal blend.
67
 
1.2.5 Schottky Diodes 
  The most simple design is the Schottky diode, where a layer of nanocrystals is 
sandwiched between two electrodes.
42,43
 The driving force for carrier separation is the  
work-function of the metal electrodes, though the field can be enhanced by using additional 
layers between the active layer and the electrodes that either facilitate or block the conduction of 
either holes or electrons,
68
 and recent improvements in both blocking layer and nanocrystal 
functionalization (see below) have fueled a resurgence of this design, leading to record device 
performance for lead chalcogenide solar cells fabricated with nanocrystals.
69,70
 This architecture 
is also the most popular for light emitting diodes, where Bulcovic et al. designed a device 







1.2.6 Hurdles to Overcome 
  While the potential applications of nanocrystals in photovoltaic devices have long been 
the champion motivators for the study of colloidal nanocrystals, research in this area has been 
stymied by a lack of accurate knowledge concerning the surface composition and chemistry of 
these materials. Molecules bound to the surface of nanocrystals, commonly called ligands, 
govern the solubility of these materials. In order to understand the nature of these ligands, a brief 
digression into the synthetic techniques common in nanocrystals synthesis is required. Colloidal 
syntheses for binary nanocrystals utilize metal and non-metal precursors as well as organic 
molecules that serve as ligands both during and after synthesis.
72-74
 These ligands are sometimes 
contained within the precursors or may be added separately. The majority of colloidal 
nanocrystal syntheses utilize the metal salts of long-chain aliphatic phosphonic or carboxylic 
acids as the metal precursor.
72,75,76
 These long aliphatic groups keep the nanocrystals soluble in 
non-polar solvent, but in the solid-state they insulate the nanocrystal, preventing carriers from 
moving between nanocrystals, thus significantly lowering mobility and consequently device 
performance. While each of the above device architectures presents its own unique challenges, 
the problem of surface chemistry, particularly removal or modification of the ligand shell is 
ubiquitous to them all. As will become apparent in the following section, understanding the 
nature of the ligands at the nanocrystal surface is essential for controlling their properties, both 
fundamentally and in the applications for which they are held in such high esteem.    
1.3 Molecular Orbital Theory and Surface States  
 In order to tackle the problems inherent to using nanocrystals in imaging applications and 
photovoltaic devices, we need to understand the complexities of both electronic structure and 
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surface chemistry of these materials. The relatively deep level of understanding of the internal 
electronic structure stands in stark contrast to the lack of knowledge concerning the surface states 
of nanocrystals. The high surface-area-to-volume ratio of these materials means that a larger 
proportion of the atoms in the crystal lattice are surface atoms rather than the bulk atoms 
compared of a conventional semiconductor. In addition, the majority of excitons or carriers 
within a bulk semiconductor never interact with the surface of the macroscopic crystal, while a 
confined exciton is delocalized over the entire nanocrystal, including the surface. These surface 
atoms have different energies than the core atoms that contribute to the "bulk-like" electronic 
structure of the nanocrystal. Early studies into the photoluminescence of cadmium chalcogenide 
nanocrystals observed differences in quantum yield depending on the method of nanocrystal 
preparation,
16,28,73,77
 and that nanocrystal photoluminescence can be either increased or decreased 
by merely adding additional ligands to the nanocrystal solution.
78
 The prevailing theory is that 




 While no consensus has been reached as to the exact model of surface trapping, the 
description here is consistent with our data and relies on molecular orbital theory and crystal 
field theory. The atoms at the surface of a zinc blende nanocrystal have a different coordination 
geometry than those within the core, either 3-cooridinate for those on the {111} facets or two  
2- coordinate for those on the {001} facet.
13
 These open coordination sites are often referred to 
as dangling bonds. In terms of crystal field theory, this would mean the energy of surface 
cadmium states would be pushed down in energy compared to the core cadmium states that make 
up the conduction band, as fewer electron-donating bonding partners are present at the surface. 
The selenium states are pushed up in energy compared to the core selenium states that make up 
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the valence band, as there are less electron-accepting bonding partners present (Scheme 4). This 
fairly simple picture rationalizes the mid-gap energy levels of these surface atoms. The surface 
cadmium orbitals are empty, like the conduction band, while surface selenium sites are filled, 
like the valence band. The empty surface cadmium orbitals, which are lower in energy than the 
conduction band, can then capture excited electrons, preventing radiative recombination  
(Scheme 5). Conversely, filled surface selenium orbitals act as hole traps by dropping electrons 
into the holes in the excited valence band.  
 Ligands bind to the low-coordinate surface atoms, helping to passivate trap states while 
solubilizing the nanocrystal. The nature of the ligand interaction will determine the extent of 
passivation. Based on our crystal field theory model, ligands should ideally make each surface 
atom 4-cooridinate, and the strength of the interaction between ligand and surface atom will 
determine the extent to which surface selenium orbitals are pushed down into the valence band 
Scheme 4. Simplified Molecular Orbital Diagram of a Quantum-Confined Binary 






and surface cadmium orbitals are pushed up into the conduction band (Scheme 6). Because 
ligands affect the energy of the surface states, altering or removing these molecules from the 
nanocrystal can drastically affect the optical and electronic properties of the nanocrystals.
16,17,73,78
 
The chemical nature of the nanocrystal ligands must be understood in order to develop 
techniques designed to remove insulating aliphatic ligands without compromising electronic 
performance.
69,79-83
 Several ideas concerning the nature and even identity of the ligands at the 
surface have been posited, and a description of these different models, along with a review of the 
ligand exchange techniques derived from these models will serve to ground the work in this 
thesis in the nanocrystal field. 
Scheme 5. Simplified Diagram of a Quantum-Confined Binary Semiconductor Showing 









Scheme 6. Simplified Molecular Orbital Diagram of a Quantum-Confined Binary 




1.4 Surface Chemistry Models and Ligand Exchange 
1.4.1 The "TOPO" Model 
Scheme 7. TOPO Model. Tri-n-octylphosphine oxide binds cadmium sites,  




 Early models of nanocrystal surface chemistry were based on the methods by which the 
nanocrystals were synthesized. The first publication to demonstrate a reproducible
84
 synthesis 
with the size control needed to access narrow size-distributions of cadmium chalcogenide 
nanocrystals was published in 1993 by Murray et al.
73
 This method quickly became the most 
popular route for nanocrystal synthesis, proliferating the "TOPO" model described within 
(Scheme 7). The synthesis relies on a high temperature injection of the dimethyl cadmium 
(Me2Cd) as the metal precursor and selenium dissolved in an excess of tri-n-octylphosphine. 
Because the injection occurs at temperatures above 300° C,  high-boiling tri-n-octylphosphine 
oxide (TOPO) was used as the solvent. The high concentration of both tri-n-octylphosphine 
oxide and tri-n-octylphosphine used in the synthesis led to the reasonable
84
 assumption that these 
are the primary ligands bound to the nanocrystal surface, an assumption later corroborated by  
31
P nuclear magnetic resonance spectroscopy (NMR).
77
 In the TOPO model, basic  
tri-n-octylphosphine oxide binds primarily to open cadmium sites, while tri-n-octylphosphine 
binds to chalcogenide sites based on the idea that chalcogens reacts with tri-n-octylphosphine to 
form tri-n-octylphosphine chalcogenides.
73,85
   
 The TOPO model inherently assumes that nanocrystals are charge neutral, with an equal 
number of metal cations and chalcogenide anions, and the ligands bound to the nanocrystal 
surface are also neutral, close-shelled ligands (Lewis bases). This led to the idea that other Lewis 
bases can be used to exchange the native tri-n-octylphosphine-derived ligands, replacing them 
with smaller, less insulating molecules. Murray et al. in fact demonstrated this concept in their 
original publication, using pyridine to displace tri-n-octylphosphine oxide, altering the solubility 






1.4.2 Ligand Exchange and the TOPO model  
 Many other groups explored the Lewis base ligand exchange motif, employing a wide 
variety of amines and phosphines with various functionality.
63,86-94
 These techniques were 
applied to photovoltaic devices and biological imaging studies with some modest success.
93,95-102
 
Nanocrystals bound by pyridine do out-perform tri-n-octylphosphine oxide-bound nanocrystals 
in solar cells, however over-all efficiency is lackluster.
103,104
 Several groups investigated the 
effects of various ligands on the optical properties of cadmium chalcogenide nanocrystals. What 
emerged from these studies was a strikingly high number of contradictory reports.
78,86-89,91,92
 
Addition of primary amine to cadmium selenide or sulfide nanocrystals either increases or 
decreases the photoluminescence quantum yield even under similar experimental conditions. 
Some early NMR studies reported incomplete ligand exchange, which may have led to poor 
device performance and the contradictory reports regarding ligand effect on 
photoluminescence.
28,77
 The majority of these early ligand exchange studies, however, relied 
heavily on changes to the absorption and photoluminescence spectra, or simply alterations to the 
solubility of the nanocrystal sample, to confirm ligand exchange.
73,78,94,105
 Clearly, better 
methods needed to be developed in order to understand the complexities of ligand exchange and 
the effect on the optical properties nanocrystals and the device performance of nanocrystalline 
photovoltaics. 
1.4.3 The Problems with the TOPO Model 
 Contradictory reports as to the effects of various ligand treatments on the optical and 
electronic properties of metal chalcogenide nanocrystals led to studies designed to better 
elucidate the surface structure of these materials. Elemental analytical methods, such as 
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Rutherford backscattering and inductively coupled plasma mass spectrometry were used to 
determine the ratio of metal and chalcogenide and found that the majority of syntheses yield 
metal-rich compositions.
106-113
 The stoichiometry of both cadmium and lead chalcogenide 
nanocrystals has been shown to scale with the surface area to volume ratio of the nanocrystal, 
implying that the surface of the nanocrystal is metal-rich.
114
 This excess metal can exist in two 
forms. It may either be metallic, formed by some redox reaction in situ, where uncharged lead or 
cadmium is associated with the nanocrystal surface, or the excess metal is cationic and balanced 
in charge by some anion other than the chalcogenide. 
 The answer to this question came from careful study of the solvent in common 
nanocrystal syntheses. Wang et al. and Kopping et al. both examined tri-n-octylphosphine oxide 
purchased from chemical suppliers and found that it contains many different impurities.
115-117
 
The most relevant of these are phosphonic and phosphinic acids, the concentration of which has 
drastic effect on nanocrystal reaction rate. The stoichiometry of nanocrystals has also been 
shown to vary with the purity of tri-n-octylphosphine oxide used, 90% TOPO yields nanocrystals 
with a high metal to chalcogenide ratio while nanocrystals synthesized in 99% TOPO are closer 
to stoichiometric, though still metal-rich.
109,118
 It should be noted that the procedure by which 
nanocrystals are isolated will also affect the measured stoichiometry (one of the major 
conclusions reported herein) however, the general trend that less pure TOPO yields a greater 
non-stoichiometry in nanocrystal samples still holds true. In fact, recrystallized  
tri-n-octylphosphine oxide will not produce nanocrystals without adding phosphonic acids, 
which are a key component to nanocrystal synthesis.
76,115
  
 In a typical, TOPO-based nanocrystal synthesis, alkylphosphonic acids are deprotonated 





 These phosphonate anions act as ligands for the non-stoichiometric 
nanocrystal, balancing charge with excess cadmium cations. Owen et al. demonstrated that 
cleavage of the ligand shell using bis-trimethylsilyl selenide yields the trimethylsilyl esters of 
octadecylphosphonic acid and its anhyride.
81
 This work also reproduces the 
31
P NMR spectrum 
initially assigned as tri-n-octylphosphine and tri-n-octylphosphine oxide, but the cleavage 
experiment convincingly shows that this spectrum was originally assigned incorrectly, and the 
broad chemical shifts are actually due to phosphonate and phosphonate anhydride bound to the 
nanocrystal surface.  
1.4.4 The Advent of a Non-stoichiometric Model  
 A new surface chemistry model is needed to account for the excess metal ions, the 
anionic nature of the ligands present at the nanocrystal surface, and the absence of  
tri-n-octylphosphine oxide in isolated nanocrystal samples. Borrowing nomenclature from 
classical, small molecule inorganic chemistry, these anionic ligands can be considered X-type 
ligands.
81,120
 The non-stoichiometric model depicts a metal-rich nanocrystal core that must have 
X-type ligands to balance charge with excess metal (Scheme 8). The model can also include  
L-type ligands, Lewis bases such as pyridine and primary amines commonly used in ligand 
exchange reactions, but these ligands cannot remove X-type ligands from the nanocrystal surface 
without violating charge balance. This rationalizes the incomplete ligand exchanges observed in 
earlier publications
77,121-123
 and suggests that reactions targeting X-type ligands are needed to 










 Recently, many new ligand exchange reactions have been developed to specifically target 
X-type ligands. The most common methods rely on salt metathesis, where the salt of a desired 
anion is added to exchange native X-type ligands (carboxylates and phosphonates). These 
reactions depend on mass action, large excesses of the desired anion (along with the charge 
balancing counter cation) are added to insure full exchange of the nanocrystal ligand shell. This 
method often alters the solubility of the nanocrystal, either causing a phase-change from non-
polar to polar solvents in the presence of excess added salt or irreversible aggregation of the 
nanocrystals.
69,82,83,125-128
 Solubility in polar media is desirable in biological labeling 
applications, while many groups have taken advantage of nanocrystal aggregation in order to 
fabricate multilayered, insoluble nanocrystal films by performing the ligand exchange in the 
solid state.
79,82,129,130
 Infrared spectroscopy, particularly the loss of C-H stretching frequencies at 
3000 cm
-1
, is the preferred method for monitoring ligand exchange in thin films.  
 Murray and co-workers reports using isothiocyanates to fully displace phosphonates and 
carboxylates from cadmium and lead chalcogenides. These devices show high mobilities when 
indium is used as an electrode.
127,131,132
 Talapin and co-workers uses a variety of chalcogenides 
and metal chalcogenide ligands of the form M2E4
2-
. High mobilities are achieved when M = In. 
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These results imply that while salt metathesis reactions may result in complete removal of 
insulating ligands, dopants such as indium are still required to access reasonable 
mobilities.
83,129,130
 Sargent and co-workers recently fabricated photovoltaic devices utilizing the 
Schottky junction architecture, reporting record breaking device efficiencies (8%) for lead 
sulfide nanocrystals exchanged with ammonium or sodium bromide.
69
 The small halide ligands 
are postulated to bind tightly to lead surface sites which would otherwise be trap states, 
consistent with current understanding of the electronic structure of nanocrystals.
80,82
 
 While these salt metathesis reactions have led to remarkable device performance when 
conducted in the solid state, the exact composition of the product is not well-characterized. The 
number of ligands per nanocrystal is not known, a major concern considering the high 
concentration of added salt needed to complete these reactions. An ideal ligand exchange 
reaction would not require such large excess of added ligand and leave the nanocrystals in 
solution, where NMR spectroscopy can be used to study ligand composition more quantitatively. 
Trimethylsilyl chloride was used by Owen et al. to cleave phosphonate ligands from the surface 
of CdSe nanocrystals in the presence of cetylammonium chloride.
81
 The chloride salt acts to bind 
the nanocrystal, keeping it soluble during the entire reaction, while the formation of 
trimethylsilyl esters drives the reaction towards completion. This more controlled ligand 
exchange reaction opens the door for quantitative characterization of nanocrystals before 






1.4.5 Covalent Bond Classification and the Neutral Fragment Model 
Scheme 9. The Neutral Fragment Model 
 
 
 The non-stoichiometric model has melded into the nanocrystal zeitgeist, helping to 
improve ligand exchange and device performance, as well as the general understanding of 
nanocrystal surface chemistry. The X/L nomenclature is borrowed from the covalent bond 
classification system developed by Malcolm Green.
120
  A very pertinent and well-written review 
of this material when applied to metal centers was recently published.
133
 In brief, taking the 
metal center as a neutral atom with the proper number of valence electrons: L-type ligands are 
neutral, 2-electron donors, and X-type ligands are 1-electron donors, where the bond between 
ligand a metal contains one electron from the ligand and one from the metal. A third type of 
ligand, the Z-Type ligand, is a 2-electron acceptor, that is, the bond is formed using two 
electrons from the metal center. L-type ligands are typically Lewis bases, while Z-type ligands 
are typically Lewis acids. This last distinction is key to applying the M,L,X,Z-nomenclature to 
metal chalcogenide nanocrystal surface chemistry, forming the basis for the neutral fragment 
model (Scheme 9). 
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 To build up this improved model, we begin with a stoichiometric metal chalcogenide 
core, with a charge balancing number of metal and chalcogenide ions forming the semiconductor 
lattice. Under-coordinated surface sites still act as trap states; empty metal orbitals act as 
electrons traps, while filled chalcogenide orbitals act as hole traps. Metal sites are passivated by 
electron donating L-type ligands (Lewis bases) and chalcogenide sites are passivated by electron 
accepting Z-type ligands (Lewis acids). Therefore, a fully-passivated nanocrystal will have a 




 The metal-rich elemental ratios measured by elemental techniques are due to Z-type 
ligands bound the nanocrystal surface. In general, X-type ligands (primarily phosphonates and 
carboxylates, depending on the synthesis) bind Cd
2+
 ions during nanocrystal synthesis.
72,76,119,135
 
These metal-ligand complexes are Lewis acidic, the metal can accept electrons from a Lewis 
base. Chalcogenide ions at the surface of the nanocrystal are electron rich, and can serve as 
Lewis basic sites to bind Lewis acidic metal complexes. The nanocrystal is thus acting as an  
L-type ligand for the metal center. From the perspective of the nanocrystal, these metal 
complexes act as Z-type ligands, passivating low-coordinated chalcogenide sites. The apparent 
non-stoichiometry of metal chalcogenide nanocrystals arises not from some inherent property of 
the nanocrystal core, but rather from metal ions contained within the ligand. A stoichiometric 
nanocrystal could be accessed simply by using L- and Z-type ligands that contain no metal or 
chalcogenide. With this frame of reference, non-stoichiometry and charge balancing X-type 
ligands are now components of neutral, close-shelled fragments. Only these fragments: 




1.4.6 Reconciling the Non-stoichiometric and Neutral Fragment Models  
 It should be noted that the non-stoichiometric model and the neutral fragment model both 
rely on the covalent bond classification system and may accurately describe the surface 
chemistry of metal chalcogenide nanocrystals as opposed to the TOPO model, which has been 
discredited through spectroscopic evidence. Conversion between these two models requires only 
a change in reference, i.e. is the nanocrystal stoichiometric with L- and Z-type ligands, or non-
stoichiometric with L- and X-type ligands (Scheme 10). The better model for nanocrystal surface 
chemistry will depend on the ligands targeted and the results of specific reactions. For instance, 
if removing all Z-type complexes and thus attaining a stoichiometric nanocrystal core drastically 
alters the nanocrystal structure, perhaps the non-stoichiometric model is a better representation 
for the described system. 
 The stoichiometric picture of a nanocrystal of the neutral fragment model leads to several 
hypotheses concerning nanocrystal reactivity. Firstly, the above model is only sensible if the 
stoichiometric nanocrystal core can be isolated (Chapter IV), demonstrating that the excess metal 





 (or chalcogenide) is part of the ligand shell and not part of the semiconducting core. Secondly, 
removal of ligands that contain either metal or chalcogenide should not significantly alter the 
position of the first electronic transition, as these components should not be part of the quantum 
confined core.
134
 Removal and addition of these ligands though will still have a significant effect 
on the nanocrystal photoluminescence and should be governed by acid/base chemistry. Addition 
of Lewis bases could either increase photoluminescence by passivating metal surface sites or 
quench photoluminescence by displacing Z-type ligands from the nanocrystal surface, opening 
hole-trapping chalcogenide sites. Conversely, addition of Lewis acids could either increase 
photoluminescence by passivating chalcogenide sites or quench photoluminescence by 
displacing L-type ligands and therefore opening electron-trapping metal sites.  As we shall see in 
the following chapters, all of these hypotheses hold true under various reaction conditions.  
1.5 Characterization of Metal Chalcogenide Nanocrystals  
 The major discrepancies in the field of nano-scale semiconductors are due to the lack of 
characterization techniques utilized by the majority of research groups. While most publications 
in high-impact chemistry periodicals require rigorous characterization of reported molecules, 
including NMR and infrared spectroscopy, mass spectrometry, crystal structures, and often 
melting point or boiling points, nanoscience is generally much less rigorous. Part of this arises 
from the difficulty in obtaining crystal structures and other precise structural information for 
nano-scale materials.
136
 While transmission electron microscopy (TEM) can shed some light on 
the structure of nanomaterials, little knowledge can be gained with this technique regarding the 
ligand shell or stoichiometry of a nanocrystal. The resolution of TEM is much less than is 





 Absorption and photoluminescence are also traditional methods for characterizing metal 
chalcogenide nanocrystals due to the size-dependent nature of these properties. As mentioned 
above, much prior work has focused on assigning these peaks and correlating them to the size of 
the nanocrystal or even the structure of the nanocrystal lattice.
17,29,30,32,138
 Photoluminescence 
spectroscopy has also been used to measure ligand binding, however these results are often 
difficult to interpret.
78,105,139
 While the ability of ligands to passivate nanocrystal surfaces is 
widely accepted, the precise mechanism by which ligands affect the photoluminescence is still 
unknown. We will show during later that the absorption spectrum of metal chalcogenide 
nanocrystals is also drastically altered surface chemistry. These techniques are valuable for fully 
understanding nanocrystal chemistry and were essential for moving the field forward under the 
TOPO model, but better methods for characterizing the ligand shell are needed in light of more 
advanced surface chemistry models. 
 The adoption of the non-stoichiometric and the neutral fragment models rely on NMR 
and IR spectroscopy, along with elemental analysis.
26,35,106-108,140-146
 The latter technique was 
essential to discovering the non-stoichiometric nature of most nanocrystals, however accurately 
determining the amount of excess metal is often difficult, and impurities in the nanocrystal 
sample can affect the measurement. Assuming the elemental enrichment occurs at the surface, 
which is reasonable given that non-stoichiometry scales with nanocrystal size,
109,111-114
 the 
highest ratio of cadmium to selenium for a 3 nm CdSe nanocrystal with an equal area of {111} 
and {001} facets is 1.32 Cd:Se (Figure 2).
147
 Values as high as 3.1 Cd:Se have been measured, 
however, suggesting unreacted starting materials may have been present during the 
measurement.
109
 Additional techniques, as well as rigorous cleaning methods, are required to 
better characterize metal chalcogenide nanocrystals.  
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 Many groups have turned to IR spectroscopy, both in solution and in the solid state, to 
characterize the ligand shell of semiconductor nanocrystals. Because the majority of nanocrystal 
samples are synthesized with organic ligands at the surface, the C-H stretching frequencies  
(3000 cm
-1
) are often used to detect unwanted aliphatic ligands after exchange with inorganic 
ligands.
69,125,127
 Unfortunately, these spectra are rarely reference with an internal standard. NMR 
spectroscopy is also becoming a popular method for ligand shell characterization.
140,141,144,148
 
Signals from ligands bound to nanocrystals generally have broad line-widths due to slow 
tumbling of the nanocrystals compared to small molecules. Spectral broadening is affected by 
viscosity, nanocrystal diameter, and ligand length.
149-152
 This technique thus distinguishes 
between bound and free small molecules, and can be used to monitor ligand exchange in situ. 
The specific chemical shifts of different molecules also allows NMR spectra to be accurately 
assigned when proper reference compounds are used. These two features make NMR 
spectroscopy a powerful tool for characterizing metal chalcogenide nanocrystals. Throughout the 
studies described in the following chapters, we rely on a combination of NMR, IR, and  
UV-visible spectroscopies, along with elemental analysis, to determine ligand identity and the 
coverage of ligands at metal chalcogenide nanocrystal surfaces in order to better understand the 
effects of ligation of the physical properties of these interesting materials. 
 This thesis is divided into chapters based on each class of ligand described under the non-
stoichiometric model and moving towards the stoichiometric model in the following order:  
X-type ligands (Chapter II), L-type ligands (Chapter III), and finally Z-type ligands  
(Chapter IV). Each class of ligand however will be essential to each chapter as their chemistries 







Figure 2. Plot showing theoretical stoichiometry of a nanocrystals with equal {111} and 
{001} facets. The blue line shows the theoretical maximum assuming all surface 
selenium have a single cadmium bound (2.9 Se nm
-2
). The red line shows the maximum 
stoichiometry assuming a single cadmium oleate is bound to every available selenium 




1.6 General Experimental Details 
1.6.1 Reagents  
 Cadmium nitrate tetra-aquo (99%), lead nitrate (99%), zinc nitrate (99%), sodium 
hydroxide, myristic acid (99%), selenium dioxide (99.8%), anhydrous oleic acid  (99%),  
n-dodecylamine (99%), lead (II) oxide (reagent grade), eladic acid (99%), methanol (99.8%), 
hexamethyldisilathiane (synthesis grade), sodium hydride (60% in oil by weight), 
dimethylformamide (98%), dimethylphosphite (98%), ethyl acetate (99%, anhydrous), and  
1-octadecene (90%) were purchased from Sigma Aldrich and used as received.  
Tri-n-octylphosphine  oxide (99%) was purchased from Sigma Aldrich and recrystallized from 
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acetonitrile before use.  Tetrahydrofuran (anhydrous, 99%), benzene-d6 (99.6%) and methyl 
acetate (anhydrous, 99.5%) were purchased from Sigma Aldrich, shaken with activated alumina, 
filtered, and stored over 4 Å molecular sieves at least 24 hours prior to use. Toluene-d8 (99%) 
and acetonitrile-d3 (99%) were purchased from Cambridge Isotopes, shaken with activated 
alumina, filtered, and stored over 4 Å molecular sieves at least 24 hours prior to use. Pentane and 
toluene were dried over alumina columns, shaken with activated alumina, filtered and stored 
over 4 Å molecular sieves at least 24 hours prior to use. Diphenylphosphine (99%),  
N,N,'N,'N-tetramethylethylene-1,2-diamine (TMEDA) (98%), tri-n-octylphosphine (97%), and 
tri-n-butylphosphine (99%) were purchased from Strem and used without further purification in a 
nitrogen glove box. Dimethylcadmium, trimethyl indium, and diethylzinc were purchased from 
Strem and vacuum distilled prior to use. CAUTION: Dimethylcadmium is extremely toxic and 
because of its volatility and air-sensitivity should only be handled by a highly trained and skilled 
scientist.  n-Butylamine (99%), N,N-diisopropylethylamine (99%), N,N-dimethyl-n-butylamine 
(98%), N,N,N',N'-tetramethyl-1,4-butane diamine (97%), 1-nonanyl nitrile (98%),  
tri-n-butylamine (99%), n-octylamine (99%), and pyridine (99.5%) were purchased from Sigma 
Aldrich and dried over CaH2, distilled, and stored in a nitrogen glove box. Bromotrimethylsilane 
(99%) and Chlorotrimethylsilane (99%) were purchased from Sigma Aldrich and dried over 
CaH2, distilled, and stored under argon in Schlenk flasks at -40° C.  Iodotrimethylsilane (98%) 
was dried over CaH2, distilled, and stored under an inert atmosphere in a Schlenk flask with 






1.6.2 General Preparations 
  All manipulations were performed under air-free conditions unless otherwise indicated 
using standard Schlenk techniques or within a glove box. Cadmium tetradecanoate was 
synthesized from cadmium nitrate and tetradecanoic acid on 25 mmol scale following the 
procedure reported by Chen et al.
72
 NMR spectra were recorded on Bruker Avance III 400 MHz 
and 500 MHz instruments. 
1
H NMR spectra were acquired with sufficient relaxation delay to 
allow complete relaxation between pulses (30 seconds). 
31
P NMR spectra were recorded with  
2 second delays between pulses. UV-Visible data was obtained using Perkin Elmer Lambda 650 
and 850 spectrophotometers equipped with deuterium and tungsten halogen lamps. 
Photoluminescence spectra were recorded using a FluoroMax-4 equipped with an Integrating 
Sphere from Horiba Scientific. FT-IR spectra were obtained on a Thermo Scientific Nicolet 6700 
spectrometer equipped with a liquid N2 cooled MCT-A detector. RBS measurements were 
performed in the Shepherd Lab at the University of Minnesota (for Chapter II) and the 
University of Western Ontario in the Interface Science Western facility (Chapter IV) 
Transmission electron microscopy was performed at Brookhaven National Laboratory on a 
200keV JEOL 2100F (for Chapter II) and the New York Structural Biology Center on a 200keV 
JEOL 2100 (for Chapter IV). 
 
1.6.3 Octadecylphosphonic Acid Synthesis 
  In a typical synthesis inspired by Gaboyard et al,
154,155
 13.83 g (0.346 mols) of NaH 
(60% in oil by weight) and 250 ml of dimethylformamide are mixed under Ar and cooled to  
0° C. 33.58 ml (0.317 mol) of dimethylphosphite is added drop-wise, and the flask is allowed to 
warm to room temperature and stirs an additional hour. A 250 ml of solution of 96.02 g  
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(0.288 mol) in  tetrahydrofuran is added drop-wise to the sodium dimethylphosphite solution and 
stirred for 1 hour before quenching with water and extracted three times with ethyl acetate. The 
organic layer is then extracted three times with a solution of brine and dried over MgSO4 and 
filtered. The organic solution is dried on a rotary evaporator, yielding a white precipitate, 
dimethyl octadecylphosphonate. The precipitate is dissolved in 200 ml of methylene chloride and 
78.2 ml (0.605 mols) of bromotrimethylsilane is added drop-wise. After 3 hours the flask is 
evacuated under vacuum to remove methylene chloride and the bromomethane co-product. 
Excess methanol is added to the dry precipitate and the flask is heated to 40° C to dissolve the 
solid. The flask is stored in the freezer overnight to crystallize the product, which is filtered in a 
600 ml Buchner funnel. The white, waxy solid is then dissolved in 1L of hot toluene in a  
4 L Erlenmeyer flask. ~200 ml hexane is added to recrystallize the product. This recrystallization 
procedure is repeated three times to ensure purity. The final product is melted and dried 
overnight under vacuum. The white waxy acid is recrystallized a final time with toluene and 
hexane, and stored for use in ambient conditions.~60% yield. 
 
1.6.4 Synthesis and Isolation of CdSe-Cd(O2CR)2 
 Carboxylate-terminated CdSe nanocrystals (CdSe-Cd(O2CR)2) were the primary starting 
material for most of the reactions described herein. CdSe-Cd(O2CR)2 was synthesized under an 
argon atmosphere using a modification of the procedure reported by Chen et al. typically 
beginning with 10 mmol cadmium tetradecanoate under an argon atmosphere.
72
 After cooling the 
reaction from the growth temperature, volatile organics were removed by vacuum distillation 
(130-135 °C, 20-50 mbar). Once the still pot was near dryness, the dark residue was cooled to 
room temperature and 30 ml of pentane was added via cannula. The dark slurry was transferred 
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via cannula to a Teflon sealable Schlenk tube and taken into a nitrogen glove box. The slurry was 
divided into equal parts in two 45 ml centrifuge tubes and centrifuged at 7000 rpm for  
10 minutes. The clear solution of nanocrystals was decanted while the remaining grey precipitate 
was discarded. Methyl acetate was added to the solution until the nanocrystals precipitated and 
could be isolated by centrifugation (5 min at 7000 RPM). The dark residue was dissolved in a 
minimal amount of pentane, and methyl acetate was added until the nanocrystals precipitated.  
This process was repeated until 5-10 ml of pentane was sufficient to dissolve the nanocrystals. 
The cycle of precipitation from pentane with methyl acetate was repeated 3-5 additional times 
and the nanocrystals stored as a solution in 5 ml of pentane. If these solutions produce a white 
precipitate over 24 hours the suspension was centrifuged and the solids discarded and the 
nanocrystals isolated by precipitation with methyl acetate and centrifugation and re-dissolved in 
5 ml of pentane. If no precipitate formed after 24 hours in the pentane solution, the solvent was 
distilled and the residue dried under vacuum for 24 hours. The residue was dissolved in  
benzene-d6 and the vinyl region of the 
1
H NMR used to analyze the sample purity. Samples were 
considered to be impure when features indicative of free oleyl chains were identified by a sharp 
feature in the vinyl region (δ = 5.5 ppm). Solutions with sharp signals from free oleyl chains 
were purified by an additional methyl acetate wash prior to re-dissolving in benzene-d6 for purity 
analysis with 
1
H NMR spectroscopy. Solutions without signals from free carboxyl chains were 
used as stock for ligand exchange studies. 
 
1.6.5 Synthesis of CdSe-CdO3PR 
  Octadecylphosphonate-terminated CdSe nanocrystals (CdSe-CdO3PR) were synthesized 
following a modified procedure by Owen et al.
76
 Briefly, a solution of   
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1.62 g Me2Cd (0.011 mols) and 8.38 g tri-n-octylphosphine was added to a 20 ml vial equipped 
with a septum in the glove box. Additionally, a solution of 1.72 g Se (0.022 mols) and  
8.28 g tri-n-octylphosphine was stirred overnight in a 20 ml vial equipped with a septum in the 
glove box. The cadmium solution was slowly injected into a mixture of 150 g recrystallized 
TOPO and 6.814 g octadecylphosphonic acid (0.020 mols) at 275° C under argon, and the 
temperature was raised to 335° C. At 325° C, the selenium solution was rapidly injected, and the 
nanocrystals allowed to grow over 5 minutes. The cleaning procedure was conducted in a glove 
box as reported in Owen et al,
76
 with methyl acetate substituted for acetone. The final product 
was stored in benzene-d6 for NMR and UV-visible spectroscopies. 
 
1.6.6 Measurement of the Ligand and CdSe Concentration 
  The concentrations of nanocrystals and carboxylate ligands in benzene-d6 stock solutions 
of purified nanocrystals were determined using a combination of NMR spectroscopy and  
UV-visible absorption spectroscopy. Ferrocene dissolved in benzene-d6 (10 μl, 0.05 M) was 
added to a known volume of the nanocrystal stock solution and used as an internal standard. For  
CdSe-Cd(O2CR)2 the integral of the methyl peak was determined and compared with the 
integral of the ferrocene standard to determine the concentration of carboxyl ligands in the stock 
solution. The molar concentration of CdSe in these stock solutions was determined by diluting  
1-3 μl to a known volume with toluene and measuring the absorbance at λ = 350 nm where the 
extinction coefficient is independent of size as determined by Bawendi
29
 and verified by 
Mulvaney.
30
 Precision in the sampling volumes were evaluated by measuring the mass of the 
sample prior to dilution and used, along with uncertainty in the integration of NMR spectra to 
calculate the error in nanocrystal compositional.  
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1.6.7 Calculation of Ligand per Particle and CdSe Units per Ligand Ratios 
 The wavelength of the 1Se-2S1/2h transition maximum was used to determine the average 
nanocrystal diameter according to Yu et al.,
32
 which is similar to values determined by Mulvaney 
in this size range.
30
 From this diameter the number of CdSe units per crystal were calculated, 
assuming a spherical shape and the molar volume of bulk CdSe. The concentration of 
nanocrystals, the ratio of ligands per nanocrystal and the ligand surface density assuming a 
spherical shape were calculated from the number of CdSe units per nanocrystal, the molar 
concentration of CdSe, and ligands in the stock solution.  
 
1.6.8 Error Analysis 
 Assuming a precision of a Cd-Se bond distance (~ 0.2 nm) in the diameter determination 
leads to the errors shown for the number of ME units in each nanocrystal. When calculating the 
number of ligands per nanocrystal, we estimate 10% error in the integration of the broad NMR 
signals and 5% error in the concentration of dilutions used to measure UV-visible absorption. 
Volume additivity was assumed when calculating concentrations. RBS has a precision of 5%. 
 
1.6.9 Photoluminescence Quantum Yield 
  Photoluminescence quantum yield (PLQY) were measured using a Fluoromax-4 
Fluorometer equipped with an integrating sphere. Samples were diluted to concentrations below 
0.1 absorbance units at the 1Se-2S1/2h to minimize reabsorption. A blank sample of toluene was 
used to adjust the excitation and emission slits to avoid saturating the detector, and the 
photoluminescence spectra that include the excitation light were recorded for both the toluene 
blank and the nanocrystal solution. The number of photons absorbed by the sample was 
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determined by measuring the difference between the blank and the sample at the excitation 
wavelength, and the photoluminescence spectrum of the nanocrystal solution was integrated 
from 500-650 nm to determine the photons emitted. PLQY was calculated from the ratio of 
photons emitted and photons absorbed. The validity of this approach was evaluated using freshly 
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Attempts to utilize semiconductor nanocrystals in light emitting and photovoltaic devices 
have consistently demonstrated low power conversion efficiencies, usually in the range of  
1-5%.
1,2
 Organic ligands bound to nanocrystals are the root of this problem because they prevent 
efficient charge transport.
3
 According to the non-stoichiometric nanocrystal model (Chapter I: 
Scheme 8), these organic surfactants are either X-type ligands or L-type ligands. While both 
ligand types may be bound to the nanocrystal, X-type ligands must be present to balance the 
charge of excess metal at the nanocrystal surface. Therefore, techniques need to be developed 
that remove these X-type ligands, replacing them compact anions that maintain charge-balance 
and allow efficient charge transport.
4-8
  
2.1.1 Previous Ligand Exchange Reactions  
 A plethora of reactions claiming exchange or removal of L-type ligands from 
nanocrystals have been reported,
9-19 
however exchange reactions using pyridine
10,17-19
 and other 
amines
9,13,15
 cannot displace X-type surfactants alone without accumulating charge at the 
nanocrystal surface.
20
 Furthermore, with few exceptions
16,21,22
 these exchange reactions do not 
achieve complete cleavage of the ligand shell, a result which will be discussed further in Chapter 









 and metal chalcogenide anions
29
 have all been used to displace both  
X-type and L-type ligands. These methods often rely on large excesses of added salt, and no 
information regarding the composition of the starting material or the final product are reported. 
The success of these materials in thin film devices, however, suggests that surface chemistry 




Scheme 1: Covalent Bond Classification of CdSe-CdCl2/Bu3P 
 
 
The work described in this chapter is based on prior studies where CdSe nanocrystals 
with anionic alkylcarboxylate and octadecylphosphonate ligands were exchanged for thiolate, 
sulfide, selenide and chloride ligands upon reaction with trimethylsilyl–X (X = Cl, S–R, Se–R,  
R = alkyl, trimethylsilyl, etc.).
25,26
 These controlled reactions rely on the irreversible formation 
of the trimethylsilyl ester of the bound carboxylate or phosphonate, which drives the reaction to 
completion without utilizing large excesses. In particular, this chapter will focus on the synthesis 
of tri-n-butylphosphine-bound, chloride-terminated nanocrystals (CdSe-CdCl2/Bu3P) from the 
reaction between chlorotrimethylsilane (Me3Si–Cl) and carboxylate-terminated CdSe 
nanocrystals (CdSe-Cd(O2CR)2) in the presence of Bu3P. This Lewis base acts as an L-type 





P NMR spectroscopy. Using NMR spectroscopy in combination with UV-visible 
absorption and Rutherford backscattering spectrometry, we can fully characterize nanocrystals in 
terms of ligand composition and stoichiometry. With these methods, we can distinguish between 
1) X-type chloride and carboxylate that balance charge with excess cadmium, 2) L-Type  ligands 




) and 3) free molecules that are 
not associated with the particle but present in solution (Scheme 1).  
56 
 
2.2 Chlorination of CdSe Nanocrystals 
 
2.2.1 Synthesis of Carboxylate-Terminated CdSe Nanocrystals 
 
Scheme 2. Synthesis of CdSe-Cd(O2CR)2 
 
 
  X-type ligand exchange reactions were primarily performed using CdSe-Cd(O2CR)2 
prepared according to Chen et al.
30
 In brief, SeO2 is mixed with cadmium tetradecanoate and 
heated to 240°C in 1-octadecene under argon (Scheme 2). Nanocrystals nucleate and grow over 
~5 minutes depending on the desired size. Oleic acid is then injected to quench the nanocrystal 
reaction, and the solution is cooled down to 160°C, at which point the reaction flask is evacuated 
and the 1-octadecene is distilled away under vacuum leaving a slurry of concentrated 
nanocrystals. This distillation process was essential for isolating the multi-gram quantities of 
nanocrystals used in these surface chemistry studies. Phosphonate-terminated nanocrystals 
(CdSe-CdO3PR) were also prepared by reported literature methods
31
 (Scheme 3), however the 
primary nanocrystal system studied here is CdSe-Cd(O2CR)2 for reasons explained later. 
 Purified CdSe-Cd(O2CR)2 (see Chapter I experimental) was isolated with a mixture of 
X-type oleate and tetradecanoate ligands and was dissolved in benzene-d6 for further 
experiments.  The concentration of nanocrystals was determined by UV-visible spectroscopy and 
the concentration of ligands was found using 
1
H NMR spectroscopy (Table 1). The number of 
57 
 
Scheme 3. Synthesis of CdSe-CdO3PR 
 
carboxylates per nanocrystal was converted to a surface ligand coverage by calculating the 
surface area of the nanocrystals assuming a spherical shape. Comparing these measurements 
with the Cd:Se ratio determined with Rutherford backscattering spectrometry (RBS), indicates 
that the number of carboxylates is approximately twice the number of excess cadmium ions, as 
would be expected based on the charge-balanced, non-stoichiometric model. With the exception 
of prior work on nanocrystals prepared from cadmium octadecylphosphonate,
32,33
 the surface 
ligand coverage and the ratio of metal to chalcogen measured in this work fall within the range 
of previous measurements (1.1-1.3 Cd:Se).
23,31-38
 
2.2.2 Chlorination Reaction 





  In a typical chloride exchange reaction, stock solutions of CdSe-Cd(O2CR)2 are diluted 
with Bu3P and toluene to a phosphine concentration of 0.5 M and twelve equivalents of  
Me3Si–Cl per carboxylate are added (Scheme 4). The excess Me3Si–Cl is used to increase the 
reaction rate, lower concentrations can be used, however the reaction must be allowed to run 
longer (several days) to achieve full conversion. Acid in the nanocrystal solution, from excess 
oleic acid contamination or monohydrogen-phosphonate ligands, can also increase the reaction 
rate. Cleavage of the anionic ligands may be conveniently monitored by 
1
H NMR spectroscopy, 
where the broad resonances from surface-bound ligands are readily distinguished from the sharp 
resonances of 'free' molecules. For example, 
1
H NMR spectra of CdSe-Cd(O2CR)2 display 
broad signals for the oleate and tetradecanoate ligands, including a distinct resonance for the 
vinylic hydrogens of the oleyl fragment (δ = 5.55 ppm,  fwhm = 56 Hz, Figure 1). These features 
sharpen upon reaction with Bu3P and Me3Si–Cl as the Me3Si–O2CR co-product appears  





H NMR spectra of CdSe-Cd(O2CR)2 (top) and CdSe-Cd(O2CR)2 after 
adding Bu3P and Me3Si–Cl (bottom).  
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After stirring 3 hours at room temperature the solvent and remaining Me3Si–Cl are 
removed under vacuum. CdSe-CdCl2/Bu3P can be separated from the Me3Si–O2CR co-product 
by precipitation with pentane. This demonstrates a change in solubility, as CdSe-Cd(O2CR)2 is 
soluble in both toluene and pentane. Purified CdSe-CdCl2/Bu3P, on the other hand, is soluble in 
a variety of organic solvents including toluene, dichloromethane, and acetone, but only sparingly 
soluble in pentane or acetonitrile. Concentrated solutions of nanocrystals (> 0.1 M Bu3P,  
0.01 M in nanocrystal (NC)) remain transparent indefinitely (> 24 months) under nitrogen. 
However, slow precipitation over 24 hours is observed if the concentration of Bu3P is low  
(<1.0 μM Bu3P, 0.1 μM in NC). These precipitates re-dissolve if additional Bu3P is added, 
demonstrating that nanocrystals with a low coverage of phosphine will aggregate, but do not fuse 
together irreversibly. CdSe-Cd(O2CR)2, on the other hand, does not display this same 
concentration-dependent solubility over the range studied (0.1 nM - 0.1 mM NC).  
The ratio of Cl to Cd and Se in a sample of CdSe-CdCl2/Bu3P was measured using RBS and fell 
in a range (1 : 1.16 : 0.28 Se:Cd:Cl) that corresponds to 99 chloride ions per nanocrystal, 
consistent with a charge-balanced surface structure where approximately 2 Cl
-
 balance the charge 
of each excess Cd
2+
 (Figure 2 and Table 1). This value is also consistent with the number of 
carboxylates per nanocrystal in CdSe-Cd(O2CR)2, demonstrating a 1:1 exchange of chloride for 
carboxylate, as expected by charge-balance. However, the low quantity of chloride and its 
relatively low ion scattering cross-section makes precise determination of the chloride content 
using RBS difficult. Likewise, error in the measured Cd:Se ratio and the CdSe:carboxylate ratio 
prevents a precise analysis of the charge balance in our sample (Table 1). Prior work by  
Hens et al. on PbS and PbSe nanocrystals measured the ratio of excess Pb
2+
 to chloride and 
carboxylate ligands respectively and found an average Cl:Pb ratio of 1.75:1 and an oleate:Pb 
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likely this discrepancy is due to oxides and hydroxides at the nanocrystal surface of these lead 
chalcogenides that cannot be detected easily by NMR spectroscopy.
40




Figure 2. Rutherford back-scattering spectrometry scans of two CdSe-Cd(O2CR)2 
(Table 1: top, Entry 1 and middle, Entry 3) and CdSe-CdCl2/Bu3P (bottom, Entry 6). 
Features at 760 eV, 975 eV and 1050 eV are Cl, Se, and Cd respectively. Spectra are 
normalized to the intensity of the feature from Cd.  The ion scattering cross section is 
proportional to square of the atomic number of the element, making Cl (750 eV, Z = 17) 




























CdSe-Cd(O2CR)2 3.3 335(35) 1.09(23) 100(15) 2.9(5) 
CdSe-Cd(O2CR)2 3.3 335(35) - 70(11) 2.0(4) 
CdSe-Cd(O2CR)2 3.5 400(40) 1.28(27) 80(12) 2.1(4) 
CdSe-Cd(O2CR)2 3.8 511(47) - 170(25) 3.7(6) 
CdSe-Cd(O2CR)2 4.8 1030(74) - 190(25) 2.6(4) 
CdSe-CdCl2/Bu3P 3.3 335(35) 1.11(23) 22(3) 0.5(1) 
CdSe-CdCl2/Bu3P 3.5 400(40) - 17(3) 0.3(1) 
CdSe-CdCl2/Bu3P 3.6 435(42) - 27(4) 0.5(1) 
CdSe-CdCl2/Bu3P 3.7 472(44) - 35(5) 0.6(1) 
CdSe-CdCl2/Bu3P 3.7 472(44) - 19(3) 0.3(1) 
CdSe-CdCl2/Bu3P 3.8 511(47) - 38(5) 0.7(1) 
 
a) Diameters are calculated from the energy of the lowest energy absorption and estimated to have an error of 
approximately 1 Cd-Se bond distance (~0.2 nm) b) CdSe units per nanocrystal (NC) are calculated assuming a 
spherical shape and the molar volume of zinc-blende CdSe (17.80 nm
-3
). Errors shown are propagated from the 
uncertainty in the diameter. c) Cd to Se ratios are determined by integrating Rutherford backscattering spectra. 
Errors shown are an estimate of the uncertainty in the integration of each peak (10%) and the precision of RBS (5%) 
(see Figure 2)  d) The number of organic ligands per nanocrystal (NC) is measured by comparing the concentration 
of ligands determined with 
1
H NMR spectroscopy and the concentration of CdSe determined using absorption 
spectroscopy; see experimental section for details. The Bu3P:NC ratio includes signal from all Bu3P-containing 




, free Bu3P, and Bu3P complexes of CdCl2 that amount to 25% of the 




H} NMR spectra. e) Ligand densities were calculated by dividing the number of 
ligands per nanocrystal by its surface area assuming a spherical shape. In the case of Bu3P the ligand density was 









Figure 3. Absorbance (left) and photoluminescence (right) spectra of  
CdSe-Cd(O2CR)2 (red) and CdSe-CdCl2/Bu3P (blue) after isolation. For clarity, the 
photoluminescence spectrum CdSe-CdCl2/Bu3P was magnified 10-fold. 
 
Optical spectra of CdSe-CdCl2/Bu3P show an interesting broadening of the 1Se-2S3/2h electronic 
transition as well as weak PLQY (< 1%, Figure 3). Changes to these two optical features related, 
all CdSe nanocrystals with low PLQY consistently display broadened 1Se-2S3/2h transitions. 
Quenched PLQY is expected from nanocrystals with a low ligand coverage, and while this might 
be expected for CdSe-CdCl2/Bu3P as the packing density of Bu3P will be low, thus opening up 
electron-trapping cadmium surface sites, these changes are actually due to both a low L-type 
ligand coverage and displacement of the Z-type ligand CdCl2 (see Chapter IV).
41
 The position 
and breadth of the lowest energy absorption, however, remains unchanged, and there is no 
significant broadening of the fluorescence half-width at half-height, both of which are consistent 
with minimal changes to the CdSe core upon ligand exchange. Transmission electron microscope 
(TEM) images of CdSe-CdCl2/Bu3P are consistent with this analysis, and the nanocrystals 
spacing  has decrease from 2-3 nm for CdSe-Cd(O2CR)2 to ~1 nm or less for CdSe-




Figure 4. Transmission electron micrographs of CdSe-Cd(O2CR)2 (A) and CdSe-
CdCl2/Bu3P (B). The inset in Figure 4B is shown with a 5 nm scale bar. 
 
1
H NMR spectroscopy confirms complete cleavage of the starting carboxylate ligands  
(> 99%) by the lack of aliphatic signals from tetradecyl and oleyl chains in isolated samples of 
CdSe-CdCl2/Bu3P (Figure 5).
42
 Comparing the integral of the methyl group versus a ferrocene 
standard reveals 19–38 Bu3P ligands bind each chloride-terminated nanocrystal for an average 
surface coverage of 0.5 phosphines nm
-2
 in the range of sizes (d = 3.3-3.7 nm) used in this study 
(Table 1), which is significantly fewer organic ligands compared to the carboxylate coverage in 









H} NMR spectra of purified CdSe-CdCl2/Bu3P display broad, but 
distinct signals characteristic of several Bu3P fragments (Figure 5). In addition to free Bu3P  
















H} (bottom) NMR spectra of isolated and purified CdSe-
CdCl2/Bu3P in benzene-d6 (0.56 M CdSe, 1.6 mM nanocrystals, and 34 mM Bu3P, 
corresponding to 22 ± 5 Bu3P per nanocrystal; entry 6, Table 1). The ferrocene standard 
(0.2 mM, δ = 4 ppm), toluene (δ = 2.1 ppm), silicon grease (δ = 0.21 ppm), as well as an 
unidentified terminal olefinic impurity at δ = 5.6 ppm (<0.5/nanocrystal) that may be a 









 standard (δ = 10 ppm, fwhm = 21 Hz, benzene-d6, Figure 6) though with a 
significantly broader line width, which results from it being associated with the nanocrystal. 
Another resonance compares well with an independently prepared mixture of Bu3P and CdCl2 
(1:3) in the absence of nanocrystals (δ = -9 ppm, Figure 7). The remaining signal  
(δ = -13 ppm, fwhm = 908 Hz, benzene-d6) is due to the L-type ligand Bu3P bound directly to the 
nanocrystal surface. In addition, a small peak at the chemical shift of isolated Bu3P (δ = -31 ppm) 











H} spectra of CdSe-CdCl2/Bu3P (top, blue), a 3:1 mixture 












H} NMR spectra of anhydrous CdCl2 and Bu3P: 1:3 top, red; 1:1, olive 
green; 3:1 blue (next from bottom) 3:1, purple, bottom after 24 hours. A spectrum of 





2.2.3 Origin of Cadmium Chloride in CdSe-CdCl2/Bu3P  
 The NMR line-widths and chemical shifts observed in this study are affected by rapid and 
reversible chemical exchange of free Bu3P with other Bu3P fragments. The dynamic nature of  
L-type ligands bound to nanocrystals has been discussed previously, both in experimental studies 
that use NMR spectroscopy to monitor pyridine and amine exchange
43
 as well as theoretical 




exchange of Bu3P bound to 
CdCl2 is known to be rapid at room temperature producing a single 
31
P NMR signal from a 
mixture of free Bu3P, (Bu3P)3CdCl2, (Bu3P)2CdCl2 and [(Bu3P)CdCl2]2 (Figure 7).
45,46
 The 
observed chemical shift in this case is an average of each component weighted by its respective 
mole fraction. However, when the chloride exchange is monitored in situ and in the presence of a 
large excess of Bu3P the 
31
P NMR resonance of free Bu3P is observed in addition to and separate 
from signals of Bu3P bound to the nanocrystal (Figure 8). This observation requires the exchange 
between free and bound Bu3P is slow on the NMR timescale. These 
31
P NMR signals appear 
between -30 and +10 ppm, which in a 11.7 Tesla magnetic field (
31
P frequency = 212 MHz) 





 The phosphine complex of CdCl2 is formed from a Lewis acid-base reaction between the 
Bu3P and CdCl2 at the nanocrystal surface. This reaction, where a Lewis base out-competes 
selenide sites at the surface of the nanocrystal for the Lewis acidic metal MX2 complex, is 
quintessential for ligand exchange reactions involving L-type ligands (Chapter IV).  
Cadmium chloride can be considered a Z-type ligand for CdSe-CdCl2/Bu3P, whose binding 
affinity will be determined in part by the concentration of Bu3P (Scheme 1).  It is uncertain 
whether carboxylates bound to cadmium are exchange for chloride prior to displacement with 








H} NMR spectra of chlorination reactions monitored in situ. Bu3P, 
Me3Si–Cl, and nanocrystals are mixed in benzene-d6 at room temperature for three hours 
before acquisition. The top experiment was run at 0.08 M in Me3Si-Cl, 0.02 M in Bu3P, 
and 0.03 M in CdSe. The bottom experiment was run at 0.80 M in M3Si-Cl, 0.20 M in 
Bu3P, and 0.19 M in CdSe. Inset shows that Bu3P bound to the nanocrystal can still be 








H NMR spectroscopy of Bu3P added to CdSe-Cd(O2CR)2 does show a resonance for free 
Cd(O2CR)2, a result that will be discussed in greater detail later (See Chapter IV). Regardless of 
the order of ligand reaction, the binding affinity of CdCl2 for the nanocrystal surface will be 
affected by both the concentration and nature of L-type ligands in solution, as well as the 
electronegativity of the X-type ligands that balance charge with the metal center. The appearance 
of CdCl2 explains in part the quenching of the nanocrystal PLQY, as displacing Z-type ligands 
from surface selenium sites should open up hole traps (Chapter IV). Controlling the CdCl2 in 





2.2.4 Origin of Tri-n-butylphosphonium Chloride in CdSe-CdCl2/Bu3P  
 The tri-n-butylphosphonium ([Bu3P–H]
+
) in CdSe-CdCl2/Bu3P arises from hydrogen 
chloride produced from Me3Si–Cl and a protic species, such as oleic acid. This hydrogen 




 which adsorbs to the nanocrystal 
surface via the chloride anion as an L-type ligands. The >150-fold excess of Bu3P present during 




 binds the nanocrystal with much greater affinity 
than Bu3P. Extensive drying of the solvents used during ligand exchange or during nanocrystal 
purification did not influence our results, and bis-trimethylsilyl ether was not detected in any of 
our in situ reactions, arguing against reaction with water as a source of [Bu3P–H]
+
. We 
tentatively propose that hydrogen chloride is produced by a small percentage of oleic acid 
molecules present in CdSe-Cd(O2CR)2 (1-2%) that is not removed during purification. These 
results strongly indicate that oleic acid is not present in the starting material (CdSe-Cd(O2CR)2) 
in significant amounts and supports a structure where carboxylate ligands balance the charges of 
excess cadmium ions (Chapter I: Scheme 8). 




 per nanocrystal 




 form if 
acids, primary amines, or alcohols are present during the cleavage reaction. In fact, reactions run 
in excess acid result in insoluble particles that have significantly blue-shifted absorption spectra, 
presumably due to the transformation of CdSe core into CdCl2 and SeH2 (See Chapter III). This 
sensitivity to acid content led to difficultly isolating chlorinated CdSe-CdO3PR. 
Monohydrogen-phosphonate is present at the surface of CdSe-CdO3PR along with phosphonate 
and phosphonate anhydride.
25,48





which alters the solubility of the nanocrystal sample, making it partially soluble in both non-
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polar and polar media. Indeed, exchange reactions with CdSe-Cd(O2CR)2 run with 1 mol of 









 per nanocrystal) that are soluble 
in acetonitrile but not pentane or toluene. On the other hand, addition of strong organometallic 





 forming CdCl2 and methane, yielding nanocrystals bound solely by Bu3P  
(Figure 9). This "acid free" CdSe-CdCl2/Bu3P is useful for studying L-type exchange reactions, 






H} NMR spectra of CdSe-CdCl2/Bu3P (top, black) after addition of 
Me2Cd (middle, red). Addition of Me2Cd causes deprotonation of [Bu3P-H]
+
  
(δ = -10 ppm). The peak at δ = -15 ppm corresponds to Bu3P bound to Me2Cd, which can 
be removed under vacuum (bottom, blue).  
 
In only a few cases has 
31
P NMR spectroscopy been used to analyze the ligand shell of 
nanocrystals, despite the large number of studies which report nanocrystals bound by phosphines 
and phosphine oxides.
13,49
 As explained in our previous discussion of nanocrystal models, more 
recent literature assigns the 
31









H} NMR spectrum 
by making reference compounds, however any remaining ambiguity in assignment of the ligands 
is eliminated by noting that addition of primary amines to the nanocrystal sample causes all 
resonances to narrow and shift up-field to the chemical shift of free Bu3P. Prior studies using 
CdSe nanocrystals synthesized in TOPO and TOP clearly demonstrate displacement of the ligand 
shell upon addition of amines, but the mechanism for this exchange is uncertain, presuming that 
the ligand shell is composed of X-type phosphonate and phosphinate ligands. This discrepancy is 
rationalized by invoking Z-type displacement as the primary mechanism for ligand removal on 
addition of L-type ligands, and explains the difficulty achieving complete ligand displacement 
using amine ligands.
10,17-19
 In the present study, we were able to achieve complete exchange of 
the starting carboxylate ligands using Me3Si–Cl cleavage, and shall demonstrate manipulation of 
the L-type ligands separately (Chapter III). 
2.3 Other Halogenation Reactions 
 
2.3.1 Bromination of CdSe Nanocrystals 
 





 Both bromotrimethylsilane (Me3Si-Br) and iodotrimethylsilane can be substitutes for 
Me3Si-Cl in the X-type ligand exchange reaction described above with varying success. 
Bromination of CdSe-Cd(O2CR)2 occurs under similar conditions (0.5 M Bu3P,  
12 eqv. Me3Si-Br, toluene, RT) forming phosphine-bound, bromide-terminated CdSe 
nanocrystals (CdSe-CdBr2/Bu3P, Scheme 4). Nanocrystals remain soluble during the reaction, 
however upon isolation, brominated CdSe nanocrystals become insoluble. Nanocrystals can be 
redissolved in 0.5 M solutions of Bu3P, however this large concentration of L-type ligand 
prohibits the use of NMR spectroscopy in characterizing the ligands bound to the nanocrystal. 




H} NMR spectrum of CdSe-CdCl2/Bu3P can 
be detected in the 
31
P NMR spectrum of CdSe-CdBr2/Bu3P, however the concentration of free 




H (top) and 
31
P (bottom) NMR spectra of isolated and purified  
CdSe-CdBr2/Bu3P in benzene-d6. The high concentration of free Bu3P indicates the 
binding affinity of Bu3P for the brominated CdSe surface is lower than that for the 




Figure 11. UV-Visible absorption spectra CdSe-CdBr2/Bu3P (top, orange),  
CdSe-CdCl2/Bu3P (middle, blue) and parent CdSe-Cd(O2CR)2 (bottom, red). The first 
electronic transition is red-shifted 7 nm and the entire spectrum in broadened upon 
bromination. 
 
CdSe-CdBr2/Bu3P is red-shifted compared to both the parent CdSe-Cd(O2CR)2 sample and 
CdSe-CdCl2/Bu3P with the same nanocrystal core, and the PLQY is quenched, just as it is 
during chlorination (Figure 11). 
2.3.2 Iodination of CdSe Nanocrystals 






Figure 12. UV-Visible absorption spectra CdSe-CdI2/Bu3P (top, purple),  
CdSe-CdCl2/Bu3P (middle, blue) and parent CdSe-Cd(O2CR)2 (bottom, red). The first 
electronic transition is red-shifted 9 nm and broadens significantly upon iodination. 
 
 Iodination of CdSe-Cd(O2CR)2 at 0.5 M Bu3P yields insoluble CdSe nanocrystals. 
Increasing the concentration of Bu3P to 2.0 M however does produce the expected  
phosphine-bound, iodide-terminated CdSe nanocrystal (CdSe-CdI2/Bu3P, Scheme 6). Isolation 
by precipitation is similar to the CdSe-CdBr2/Bu3P case, causing reversible aggregation. Again, 
NMR spectroscopy is not very diagnostic as the large signal for free Bu3P prevents detection of 
broad peaks. The UV-visible absorption spectrum of CdSe-CdI2/Bu3P is even further red-shifted 
and significantly broadened compared to both CdSe-CdCl2/Bu3P and CdSe-CdBr2/Bu3P made 
from the same CdSe nanocrystal core, and the PLQY is quenched (Figure 12).  
2.3.3 Halide-Terminated CdSe Nanocrystal Series  
 The differences in solubility between CdSe-CdX2/Bu3P (X = Cl, Br, or I) is due to 
changes in the binding affinity of Bu3P. Phosphine appears to have a greater affinity for the 
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chloride-terminated nanocrystal than iodide-terminated nanocrystals (Cl > Br > I). This explains 
the precipitation of CdSe-CdBr2/Bu3P upon isolation, as the concentration of Bu3P is reduced 
during this process. Similarly, CdSe-CdI2/Bu3P precipitates during ligand exchange if the 
concentration of Bu3P is not high enough to push the equilibrium between bound and free Bu3P 
towards binding the nanocrystal surface.  
 There are many potential explanations for the dependence of Bu3P binding affinity on the 
halide in CdSe-CdX2/Bu3P. The structure of the CdX2 shell at the nanocrystal surface is 
unknown, and may depend on the halide. The difficulty in removing phosphine complexes of 
CdX2 by precipitation may suggest that they are somehow associated with the nanocrystal 
surface. Figure 7 demonstrates that the chemical shift of (Bu3P)n(CdCl2)m depends on the 
concentration of Bu3P, and while a 1:1 mixture of Bu3P and CdCl2 has the same chemical shift as 
CdCl2 bound by Bu3P in our spectrum, we have not ruled out the possibility that this CdCl2 
complex is associate with the nanocrystal. Cadmium halides may form charge pairs in solution, 
where [CdnX2n-1]
+
 binds one nanocrystal (or facet) while [CdnX2n+1]
-
 bind another nanocrystal  
(or facet), and the stabilization of these ions may depend on the identity of X and the binding of 
Bu3P. In addition, the surfaces of metal chalcogenide nanocrystals are likely allosteric, meaning 
a ligand binding at one site may affect the binding affinity at other sites. Presumably Bu3P is not 
bonding directly to the terminating halide, however the identity of the halide does effect the 
binding affinity of the Bu3P. The more electronegative chloride causes the cadmium center to be 
more acidic and the Lewis basic Bu3P L-type ligand to bind more tightly. It is unclear if the 
increased Lewis acidity will also have an effect on the coverage of CdX2 in these samples. 
 The extent to which Bu3P binds to the nanocrystal surface, and also the extent to which 
Bu3P displaces CdX2 from the nanocrystal surface, may explain the broadening and red-shifting 
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of the UV-visible absorption spectra of these materials. The more likely explanation, however, is 
that aggregation of the nanocrystals samples is only partially reversible, and while the 
nanocrystals may be suspended in toluene with Bu3P, they are still sufficiently aggregated 
delocalize the wavefunction of the nanocrystal or scatter light. Addition of n-butylamine to 
CdSe-CdX2/Bu3P causes a blue-shift in the absorption of all the nanocrystal samples and 
recovers the photoluminescence, results that will be discussed in greater detail in Chapter III. 
These results do show though that while Bu3P may not be a strong enough L-type ligand to 
prevent some irreversible aggregation, addition of a stronger ligand can fully reverse the 
aggregation of halide-terminated CdSe nanocrystals.     
 The choice of Bu3P with chloride-termination was fortuitous in that the resulting 
nanocrystals are easily isolated without irreversible aggregation, which is not the case for the 
other halides. In addition, much work will need to be done to adapt these X-type ligand exchange 
reactions for other nanocrystal systems. The binding of phosphine to the lead, zinc, and other 
cadmium chalcogenides will likely be different than CdSe. Also, the binding affinity of the 
resultant MXn Z-type ligand will also need to be carefully monitored in order to further develop 
this reaction motif. As we shall see, Z-type addition may also provide another route towards 
indirect X-type ligand exchange and functionalization (see Chapter IV). 
2.4 Summary 




P NMR and UV-Visible absorption spectroscopies, we 
have demonstrated X-type exchanges yielding halide-terminated CdSe nanocrystals. Our 
approach makes it possible to cleave >99% of the anionic carboxylate ligands and replace them 
with a mixture of chloride, bromide, or iodide ligands, which balance the charge of the  
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H} NMR spectroscopy of CdSe-CdCl2/Bu3P revealed a complex reaction mixture where 





 is bound to the nanocrystal. Hydrogen chloride produced from reaction of 
Me3Si–Cl with protic species like oleic acid leads to this minor impurity (2-3 per NC). Our 
assignment verifies the low concentration of protic species in our reaction mixtures. It is also 
consistent with a nanocrystal where carboxylate ligands balance the charges of the non-
stoichiometric crystal, rather than adsorption of carboxylic acid ligands, in line with the non-
stoichiometric model of a nanocrystal surface.  
 By considering the importance of a nanocrystals surface composition, particularly the 
balance between stoichiometry and X-type ligation, new strategies will be developed that 
improve the implementation of colloidal semiconductor nanocrystals in a wide range of 
applications. In particular, the nanocrystals developed in the current study utilize reversibly 
bound and volatile organic molecules, like n-butylamine, to maintain solubility and their 
cadmium-enriched surface structure. These features are valuable for the processing of thin films 
where the organic ligands can be desorbed at low temperature under vacuum. Studies of 
electrical transport in thin films composed of these nanocrystals as well as the details of L-type 
ligand exchange monitored by 
31
P NMR spectroscopy are described in subsequent chapters.  
2.5 Experimental Details 
2.5.1 Measurement of the Ligand Concentration 
 The concentrations of nanocrystals and ligands in benzene-d6 stock solutions of purified 
nanocrystals were determined using a combination of NMR spectroscopy and UV-Visible 
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absorption spectroscopy. Ferrocene dissolved in benzene-d6 (10 μl, 0.05 M) was added to a 
known volume of the nanocrystal stock solution and used as an internal standard. For  
CdSe-CdCl2/Bu3P the entire spectrum from δ = 3.99 - 0.3 ppm was integrated and compared 
with the ferrocene standard to determine the concentration of Bu3P fragments. CdSe 
concentrations were determined as described in the Experimental Section of Chapter I.   
 
2.5.2 Synthesis of CdSe-CdCl2/Bu3P 
  All manipulations were conducted in the glove box or on a Schlenk line at room 
temperature. In a typical synthesis, a benzene-d6 stock solution of CdSe-Cd(O2CR)2  
(1.0 ml, 0.5-2.0 mmol ligand) with a known carboxylate concentration was transferred to a 20 ml 
vial with a magnetic stir bar. The solution was diluted to a total volume of 5 ml with toluene to 
which Bu3P (0.506 g, 0.624 ml, 2.5 mmol) was added. Me3Si–Cl (6.0-24 mmol, 12 equiv.) was 
added and the solution stirred for 3 hours. After this time, the volatiles were distilled off under 
vacuum and the red solid dissolved in toluene (5 ml) and pentane was added to precipitate the 
nanocrystals, which were separated by centrifugation (7000 RPM for 5 minutes). This process 
was repeated twice more, after which the red powder was dried overnight under vacuum. The 
nanocrystals were dissolved in benzene-d6 to a concentration of 0.5-1.0 M cadmium selenide and 
analyzed with UV-Visible and NMR spectroscopy.  
 
2.5.3 Synthesis of CdSe-CdBr2/Bu3P 
 All manipulations were conducted on an argon Schlenk line at room temperature and 
transferred into a nitrogen glove box for purification. In a typical synthesis, a benzene-d6 stock 
solution of CdSe-Cd(O2CR)2 (1.0 ml, 0.5-2.0 mmol ligand) with a known carboxylate 
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concentration was transferred to a 25 ml Schlenk flask with a magnetic stir bar. The solution was 
diluted to a total volume of 5 ml with toluene to which Bu3P (0.506 g, 0.624 ml, 2.5 mmol) was 
added. Trimethylsilyl bromide (6.0-24 mmol, 12 equiv.) was added by cannula transfer and the 
solution stirred for 3 hours in the dark. After this time, the volatiles were distilled off under 
vacuum and the red slurry dissolved in toluene (5 ml) and pentane was added to precipitate the 
nanocrystals, which were separated by centrifugation (7000 RPM for 5 minutes). A 0.5 M 
solution of Bu3P in toluene (5 ml) was added to the nanocrystal powder, and the nanocrystals 
were precipitated with pentane and centrifuged again. This step was repeated once to insure the 
removal of trimethylsilyl ester co-product. The final red powder was dissolved in a 0.5 M 
solution of Bu3P and analyzed with UV-Visible absorption spectroscopy.  
 
2.5.4 Synthesis of CdSe-CdI2/Bu3P  
 All manipulations were conducted on an argon Schlenk line at room temperature and 
transferred into a nitrogen glove box for purification. In a typical synthesis, a benzene-d6 stock 
solution of CdSe-Cd(O2CR)2 (1.0 ml, 0.5-2.0 mmol ligand) with a known carboxylate 
concentration was transferred to a 25 ml Schlenk flask with a magnetic stir bar. The solution was 
diluted to a total volume of 3 ml with toluene to which Bu3P (2.506 g, 2.027 ml, 12.5 mmol) was 
added. Trimethylsilyl iodide (6.0-24 mmol, 12 equiv.) was added via cannula and the solution 
stirred for 3 hours in the dark. After this time, the volatiles were distilled off under vacuum and 
the red slurry dissolved in toluene (5 ml) and pentane was added to precipitate the nanocrystals, 
which were separated by centrifugation (7000 RPM for 5 minutes). A 2.5 M solution of Bu3P in 
toluene (5 ml) was added to the nanocrystal powder, and the nanocrystals were precipitated with 
pentane and centrifuged again. This step was repeated once to insure the removal of 
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trimethylsilyl ester co-product. The final red powder was dissolved in a 2.5 M solution of Bu3P 
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 Chapter II dealt primarily with X-type ligand exchange, though L-type binding of the 
resulting halide-terminated nanocrystals was essential to synthesizing a soluble product. L-type 
ligands are by far the most popular ligands used in reactions aimed at altering nanocrystal 
surface chemistry. Part of this popularity arises from the wide-spread use of the TOPO model.
1
 
L-type ligands generally react with nanocrystals in two fundamental ways: 1.) L-type additions 
(or exchange) where an L-type ligand binds to a metal site at the nanocrystal surface or 2.) An 
acid-base reaction that displaces a Z-type ligand from the nanocrystals surface. This chapter will 
deal primarily with L-type addition or exchange, leaving L-type promoted Z-type displacement 
for Chapter IV. L-type ligands have been divided further to aid discussion. The first section will 
discuss ligands like phosphines and amines ("neutral" in terms of charge) which are commonly 
described as Lewis bases and easy to classify as L-type ligands. The next section will deal with 
"ionic salts" or "charged" L-type ligands, namely those that, like tri-n-butylphosphonium 
chloride in the last chapter, bind the nanocrystal surface through an anion but are balanced in 
charge by a counter-cation, rather than the nanocrystal lattice. Finally, the effects of L-type 
ligands on the optical properties of halide-terminated CdSe nanocrystals will be discussed. 
3.2 Neutral L-type Ligands 
3.2.1 Context 
 L-type ligand exchange has been attempted since the very earliest years of nanocrystal 
science. Pyridine, primary amines, phosphines, and various chalcogenide-containing ligands 
have all been suggested for, added to, or removed from nanocrystal surfaces with an equally 
diverse number of functional groups built into these ligands as a means to modify nanocrystals 
for a variety of applications.
2-36
 Many of these studies rely on changes to the photoluminescence 
89 
 
quantum yield (PLQY) to establish binding isotherms and thus quantify the ligand binding 
affinity and number of ligands bound to a nanocrystals.
3,21,22,37-39
 These studies though are 
complicated by the two possible reaction pathways for L-type ligands described above. Binding 
of an L-type ligand to an electron-trapping metal site should increases PLQY,
7,39,40
 however 
displacement of a Z-type ligand should open a surface chalcogenide site for hole trapping, 
causing a reduction in PLQY.
5,41,42
 Therefore, photoluminescence measurements alone are not 
well-suited for quantitative analysis of L-type ligand exchange. Nuclear magnetic resonance 
(NMR) spectroscopy, on the other hand, is ideal for quantitatively measuring both bound and 
free ligands in solution, particularly if the organic ligands in the system are all L-type ligands. In 
particular, the phosphine-bound, chloride-terminated CdSe nanocrystals (CdSe-CdCl2/Bu3P) 
described in Chapter II are on ideal starting point for the study of L-type ligand exchange, as the 
31
P nucleus provides a strong NMR active handle by which to monitor exchange.  





 In order to simplify the CdSe-CdCl2/Bu3P system and study only exchange of neutral  
L-type ligands, we first treated CdSe-Cd(O2CR)2 with Me2Cd to remove the acidic impurity 




. The effects of Me2Cd treatment on the optical 
properties of CdSe nanocrystals is worthy of its own discussion (see Chapter IV). Suffice to say 
at this point that addition of dimethyl cadmium produces methane (δ = 0.31 ppm) as monitored 
by 
1
H NMR spectroscopy (Figure 1). When run under the conditions reported in Chapter II  
(0.5 M Bu3P, 12 eqv. Me3Si-Cl per carboxylate), chlorination reactions take 24 hours to reach 
completion. We speculate that this 8x decrease in reaction rate is due to the loss of acid, which 










 is soluble in pentane and must be precipitated with  
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Scheme 1: Addition of Dimethylcadmium to CdSe-Cd(O2CR)2 with acidic impurity 
 
polar solvents, like methyl acetate or acetonitrile. Generally a 1:1 mixture of these two polar 





H} NMR spectra of isolated CdSe-CdCl2/Bu3P show two broad resonances: one 
at δ = -9 ppm due to a Bu3P complex of CdCl2, and one at δ = -13 ppm due to Bu3P bound 
directly to the nanocrystal surface (Figure 2).  
 These broad resonances serve as convenient 
31
P NMR handles for monitoring L-type 
ligand exchange. As Bu3P is displaced from the nanocrystal, a sharp resonance at the chemical 
shift of free Bu3P appears up-field (δ = -31 ppm).  We used this technique to monitor the 
exchange of Bu3P for several different L-type ligands with various heteroatoms to determine a 
relative binding affinity for chloride-terminated CdSe nanocrystals compared to Bu3P  
(Scheme 1). While we would eventually like to study the effects of these ligands on the optical 
and electronic properties of CdSe nanocrystals, the majority of this study is limited to relative 




H} NMR spectroscopy. This is one of 
the first quantitative studies carefully designed to directly probe the displacement of an L-type 
ligand from that nanocrystal surface, and we surveyed ligands we thought may be relevant to the 






H NMR spectrum of CdSe-Cd(O2CR)2 nanocrystals mixed with Me2Cd  
( = - 0.6 ppm). Resonance at  = 0.16 ppm corresponds to methane formed on reaction 
between dimethyl cadmium and acidic impurities. Sharp peaks in the aliphatic region and 
vinyl region are due to cadmium oleate or methyl cadmium oleate formed by the same 
reaction, which can be removed by precipitating the nanocrystal. Spectrum is referenced 














 in d6-benzene (0.5 mM in NC, 14.8 mM Bu3P, 
corresponding to 30 ± 5 Bu3P per nanocrystal). The ferrocene standard (0.2 mM, δ = 4 
ppm), toluene (δ = 2.1 ppm), silicon grease (δ = 0.21 ppm), as well as an unidentified 
terminal olefinic impurity at δ = 5.6 ppm (<0.5/nanocrystal) that may be a byproduct of 
the reaction between SeO2 and 1-octadecene during synthesis of CdSe-Cd(O2CR)2 are 
visible in the 
1
H NMR spectrum. 
92 
 
Scheme 2. Generic L-type Ligand Exchange with CdSe-CdCl2/Bu3P Designating the  
31




 Sterics generally dominate the L-type ligand binding affinity at the surface of  
CdSe-CdCl2. This is because the nanocrystal itself is sterically hindered, and so potential ligands 
with active sites buried within the molecule cannot bind directly to the nanocrystal surface. We 
shall also see that electronics plays a role, in general softer ligands bind CdSe nanocrystals better 
than hard ligands. The principles outlined here should guide future fuctionalization reactions 
using L-type ligands. Based on our results, we find three groups of ligand: 1.) Molecules that do 
not effectively displace Bu3P even at high concentration are deemed "non-binders".
43
 
Quantitatively, these ligands displace less than 10% of Bu3P at a ratio of 50:1 added ligand to 
Bu3P.  2.) "Weak binders" require a relatively large excess of ligand to displace Bu3P, showing 
less than 10% displacement at 1:1 equivalents but greater than 10% at 50:1 ligand per Bu3P.  
3.) "Tight binders" are those that displace Bu3P even at relatively low concentration, greater than 
10% displacement at 1:1 equivalents. In order to understand the trends regarding electronics and 




3.3 Neutral L-type Ligand Binding Affinity Series 
3.3.1 Oxygen-Containing Ligands 
 




H} NMR spectra of CdSe-CdCl2/Bu3P (0.5 mM in 
NC, 14.8 mM in Bu3P, black, bottom) with tetrahydrofuran at 1:1 (14.8 mM M, red, 
bottom-middle), 10:1 (0.15 M, green, top-middle), and 100:1 (1.5 M, blue, top) in 
benzene-d6. Tetrahydrofuran does not displace Bu3P, even at high concentrations. 
 




H} NMR spectra of CdSe-CdCl2/Bu3P (0.5 mM in NC, 14.8 mM 
in Bu3P, black, bottom) with furan at 1:1 (14.8 mM M, red, bottom-middle),  
10:1 (0.15 M, green, top-middle), and 100:1 (1.5 M, blue, top) in benzene-d6. Furan does 




 We surveyed tetradecanol, furan, tetrahydrofuran, diethylether, and tri-n-octylphosphine 
oxide as potential ligands for the CdSe-CdCl2 system. Diethylether and tetrahydrofuran are both 
common laboratory solvents. In Chapter IV, we shall see that both tetrahydrofuran and 
tetradecanol do interact with cadmium carboxylate at the surface of CdSe-Cd(O2CR)2 causing 
some Z-type displacement, and we were curious to see if high concentrations of these molecules 
could compete with Bu3P. Furan was used because it has slightly different electronics than 
tetrahydrofuran, making it a little harder electronically. We found that the two cyclic ethers have 
no effect on the 
31
P{1H} NMR spectrum of CdSe-CdCl2/Bu3P, even at high concentration 
(Figure 3 and Figure 4). A small signal for free Bu3P appears when diethylether is added, but 
does not change as the concentration of diethylether is increased, we deemed this to be due to 
either dilution of the nanocrystal sample or a minor change in solvent dielectric or viscosity 
 




H} NMR spectra of CdSe-CdCl2/Bu3P (0.12 mM in NC, 
5.6 mM in Bu3P, black, bottom) with diethyl ether at 1:1 (5.6 mM M, red, middle) and 









H} NMR spectra of CdSe-CdCl2/Bu3P (0.5 mM in NC, 
14.8 mM in Bu3P, black, bottom) with tetradecanol at 100:1 (1.5 M, blue, top) in 
benzene-d6. Tetradecanol does not compete with Bu3P for the nanocrystal surface. 
 
that shifts the equilibrium between bound and free Bu3P, but the signal in the 
1
H NMR spectrum 
for diethylether is not broad, therefore no binding or exchange has occurred (Figure 5). 
Tetradecanol also had little effect on the 
31
P NMR signal of CdSe-CdCl2/Bu3P (Figure 6). 
 Phosphine oxide is another interesting potential oxygen-donating ligand for nanocrystals 
surfaces. The TOPO model of nanocrystal surface chemistry claims  
tri-n-octylphosphine oxide is the primary ligand bound at the surface of nanocrystals.  
Tri-n-octylphosphine oxide is also one of the most popular solvents for high-temperature 
nanocrystal syntheses.
7,44-46
 We found that TOPO is a non-binder with respect to  
CdSe-CdCl2/Bu3P. A small peak for free Bu3P does appear at δ = -31 ppm in the 
31
P{1H} NMR 
spectrum, however it does not change significantly with the concentration of TOPO, and no 
broad peak is detected for TOPO bound to the nanocrystal surface (Figure 7). In addition, 
chlorination reactions run with TOPO instead of Bu3P fail to yield soluble nanocrystals. It is 








H} NMR spectra of CdSe-CdCl2/Bu3P 
(0.12 mM NC, 5.3 mM Bu3P, black, bottom) with tri-n-octylphosphine oxide (δ = 43 
ppm) at 1:1 equivalents (5.3 mM) and 50:1 equivalents (273 mM). No significant 
concentration of Bu3P is liberated, even at high concentration of TOPO. 
 
and TOPSe bound to the nanocrystal surface.
47
 As discussed in Chapter I, these previous spectra 
were mis-assigned, as shown by Wang et al, Owen et al, and Kopping et al.
45,46,48,49
  
 The inability oxygen-containing ligands to compete with Bu3P for the nanocrystal surface 
is likely the result of electronics. Ligands that bind through oxygen ligands are hard, while 
cadmium prefers softer ligands. The basicity of these molecules is also low. Each of these 
molecules is sterically similar to strong binding L-type ligands described later. While it is 
somewhat puzzling that tetrahydrofuran and tetradecanol both displace cadmium carboxylate 
from CdSe-Cd(O2CR)2 at similar concentrations to those studied here, the binding molecule 
must displace Bu3P from the nanocrystal surface. Tri-n-butylphosphine is a much better Z-type 
displacement agent than tetrahydrofuran or tetradecanol, so it is not surprising that these 
molecules do not compete well with Bu3P. Chlorination reactions run in neat tetrahydrofuran fail 
97 
 
to yield soluble products, again indicating weak binding of tetrahydrofuran, however this could 
also be due to a lack of steric stabilization from the small tetrahydrofuran carbon back-bone.  
 A final aside for the oxygen-containing compounds, while few quantitative 
measurements of PLQY were made, none of these reagents caused a change in 
photoluminescence observed by eye under a UV lamp. In the case of tetradecanol, this is 
evidence against a strong hydrogen bond between selenide lone pairs and hydrogen donating 




3.3.2 Sulfur-Containing Ligands 
 
 




H} NMR spectra of CdSe-CdCl2/Bu3P (0.5 mM in NC, 14.8 
mM in Bu3P, black, bottom) with thiophene at 1:1 (14.8 mM M, red, bottom-middle), 
10:1 (0.15 M, green, top-middle), and 100:1 (1.5 M, blue, top) in benzene-d6. No 
displacement of Bu3P is detected, even at high concentration of thiophene. 
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 The sulfur-containing analogs of the oxygen-containing molecules discussed above 
provide a method for comparing hard versus soft interactions at the nanocrystal surface. To this 
end, we studied the binding affinity of dibutyl sulfide, thiophene, and tetrahydrothiophene. The 
latter two are also relevant for device applications, particularly bulk heterojunction photovoltaics 
that often utilize poly-3-hexylthiophene as an accepting polymer.
51-54
 Addition of thiophene to 
CdSe-CdCl2/Bu3P causes no change to the 
31
P{1H} NMR spectrum (Figure 8). A small peak at  
δ  = -31 ppm does appear on addition of dibutyl sulfide, however it corresponds to less than 4% 
of the Bu3P being displaced, even at a 100 fold excess of dibutyl sulfide (Figure 9). Such small 
displacements can also be seen by simply diluting a nanocrystal NMR sample with more 
deuterated solvent. Much like their oxygen-containing analogues, thiophene and dibutyl sulfide 
do not displace significant quantities of Bu3P.  
 
 




H} NMR spectra of CdSe-CdCl2/Bu3P (0.5 mM NC, 
14.8 mM Bu3P, black, bottom) with di-n-butylsulfide at 1:1 equivalents (14.8 mM) and 









H} NMR spectra of CdSe-CdCl2/Bu3P (0.5 mM 
in NC, 14.8 mM in Bu3P, black, bottom) with tetrahydrothiophene at 1:1 (14.8 mM M, 
red, bottom-middle), 10:1 (0.15 M, green, top-middle), and 100:1 (1.5 M, blue, top) in 
benzene-d6. At high concentration, a new peak at δ = -22 ppm appears, indicating partial 
displacement of Bu3P by tetrahydrothiophene.  
 
 Tetrahydrothiophene, on the other hand, does displace Bu3P at very high concentrations 
(1 M, ~100 fold excess, Figure 10). We rationalize the difference in binding affinity between 
tetrahydrofuran and its sulfur analogue based on the better soft match between cadmium and 
sulfur. At high concentrations of tetrahydrothiophene, we see the appearance of a new, broad 
resonance at δ = -22 ppm. This intermediate chemical shift between bound Bu3P (δ = -9 ppm) 
and free (δ = -31 ppm) indicates a complicated exchange mechanism and rate, where some of the 
Bu3P is rapidly exchanging with free Bu3P while some is more tightly bound to the nanocrystal. 
Alternatively, it may be due to exchange between various phosphine or tetrahydrothiophene 
complexes of CdCl2, however both the 
31
P NMR resonance due to Bu3P bound to the nanocrystal 




3.3.3 Isocyanide and Isothiocyanate 
 We were initially interested in isocyanides because of their strong basicity and the ability 
to 
13
C label the binding atom of these molecules. Unfortunately, we found that high 
concentrations of n-pentylisocyanide displace only 6% of the Bu3P bound to CdSe-CdCl2/Bu3P 
as measured by 
31
P{1H} NMR spectroscopy (Figure 11). Again, such a small displacement at 
high concentration could be due to solvent effects rather than L-type ligand exchange. Attempts 
to synthesize pentylisocyanide-bound, chloride-terminated nanocrystals using the standard  
X-type ligand exchange procedure described in Chapter II yielded insoluble nanocrystals. This 








H} NMR spectra of CdSe-CdCl2/Bu3P  
(0.12 mM NC, 5.3 mM Bu3P, black, bottom) with n-pentylisocyanide at 1:1 equivalents 









H} NMR spectra of CdSe-CdCl2/Bu3P  
(0.5 mM in NC, 14.8 mM in Bu3P, black, bottom) with n-hexylisothiocyanate at  
1:1 (14.8 mM M, red, bottom-middle), 10:1 (0.15 M, green, top-middle), and  
100:1 (1.5 M, blue, top) in benzene-d6. At 10:1 equivalents, two, low intensity, board 
peaks appear at δ = 28 ppm and δ = 34 ppm, which have not yet been assigned, but may 
be due to mixed isothiocyanate/Bu3P complexes of CdCl2. At 100:1 equivalents, the 
small peak at δ = 48 ppm is due to tri-n-butylphosphine sulfide. 
 
 The case of hexylisothiocyanate is more interesting. At low concentrations of added 
isothiocyanate, no change is seen in the 
31
P{1H} NMR spectrum of CdSe-CdCl2/Bu3P  
(Figure 12). At higher concentration (0.5 M), two broad, low-intensity peaks appear at  
δ = 28 ppm and δ = 34 ppm. The intensity of the Bu3P bound to the nanocrystal does not change  
(δ = -9 ppm). Instead, it appears that only the resonance due to the phosphine complex of CdCl2 
changes in intensity, suggesting isothiocyanate displaces Bu3P from CdCl2 but not that the 
nanocrystal. While the peaks at δ = 28 ppm and δ = 34 ppm have yet to be assigned, we speculate 
that they are due to mixed phosphine and isothiocyanate complexes of CdCl2. In addition, at 
even higher concentrations of n-hexylisothiocyanate, a sharp peak appears at δ = 48 ppm, which 
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is the chemical shift of tri-n-butylphosphine sulfide (Bu3PS). A small concentration of Bu3PS or 
the isocyanate co-product may also influence the chemical shifts of these potential CdCl2 
complexes.  
 While both n-pentylisocyanide and n-hexylisothiocyanate appear to displace small 
amounts of Bu3P from CdSe-CdCl2/Bu3P, we still assign these ligands as non-binding due to the 
high concentrations required to affect even low L-type exchange with Bu3P. Again, it is likely 
that the small displacement is due to solvent effects, as n-pentylisocyanide cannot effectively 
stabilize CdSe-CdCl2, and we see no signal for free Bu3P in the 
31
P{1H} NMR spectrum of 
CdSe-CdCl2/Bu3P even at high concentrations of n-hexylisothiocyanate. Even if all of the signal 
detected at δ = 28 ppm, δ = 34 ppm, and δ = 48 ppm was due to displaced Bu3P that subsequently 
reacts to form these species, the amount of displaced Bu3P would be less than 10%.   
3.3.4 Phosphines 
 Phosphines are well-suited to determine the effects of sterics at the surfaces of CdSe 
nanocrystals. They also contain 
31
P nuclei just as CdSe-CdCl2/Bu3P does, providing a second 
31
P NMR handle by which to analyze these exchange reactions. We found, as expected, that 
sterics plays a major role in the types of phosphines that displace Bu3P from CdSe-CdCl2/Bu3P, 
while electronics plays a secondary role. For instance, triphenylphosphine (Ph3P) and 
tricyclohexylphosphine (Cy3P) do not displace Bu3P from the nanocrystal surface (Figure 13 and 
Figure 14) . We did find, however, that addition of Cy3P displaces Bu3P from CdCl2, forming a 
(Cy3P)n(CdCl2)m complex with a chemical shift (δ = 20 ppm) consistent with previously reported 
reactivity between cadmium halides and Cy3P.
55 The displacement of 20% of the total number of 








H} NMR spectra of CdSe-CdCl2/Bu3P  
(0.5 mM NC, 14.8 mM Bu3P, black, bottom) with triphenylphosphine (δ = -5 ppm) at  
1:1 equivalents (14.8 mM) and 50:1 equivalents (0.74 M). No significant amount of Bu3P 
is displaced as the concentration of Ph3P is increased. 
 




H} NMR spectra of CdSe-CdCl2/Bu3P  
(0.5 mM NC, 14.8 mM Bu3P, black, bottom) with tricyclohexylphosphine (δ = 10 ppm) 
at 1:1 equivalents (14.8 mM) and 50:1 equivalents (0.74 M). Increasing concentration of 
Cy3P causes displacement of Bu3P from CdCl2, but the broad peak remaining even at 
high concentration is due to Bu3P still bound to the nanocrystal surface. The peak at  











H} NMR spectra of CdSe-CdCl2/Bu3P (0.5 mM 
NC, 14.8 mM Bu3P, black, top) with diphenylphosphine (δ = -43 ppm, not shown) at 1:1 
equivalents (14.8 mM) and 50:1 equivalents (0.74 M). Peaks up-field of δ = -31 ppm are 
due to impurities in diphenylphosphine (δ = -43 ppm).  
 
rather than the Bu3P bound to the nanocrystal surface. We also found that diphenylphosphine is a 
non-binder, presumably because of its low basicity (Figure 15). 
 Addition of tri-n-octylphosphine causes a slight up-field shift for the signal due to 
phosphine bound to the CdSe nanocrystal (Figure 16), however the results are difficult to 
interpret due the identical chemical shifts of Bu3P and tri-n-octylphosphine (δ = -31). The slight 
shift, along with the integration of bound and free phosphine indicates the number of ligands per 
nanocrystal has not changed significantly. The steric difference between Bu3P and  
tri-n-octylphosphine is minor, as is the difference in basicity. The bound and free resonances in 
the 
31
P{1H} spectrum of CdSe-CdCl2/Bu3P are likely due to both Bu3P and tri-n-octylphosphine. 








H} NMR spectra of CdSe-CdCl2/Bu3P  
(0.5 mM NC, 14.8 mM Bu3P, black, bottom) with tri-n-octylphosphine (δ = -31 ppm) at 
1:1 equivalents (14.8 mM) and 50:1 equivalents (0.74 M). The chemical shifts of  
tri-n-octylphosphine and Bu3P are too similar to determine the difference in binding 
affinity.  
 




H} NMR spectra of CdSe-CdCl2/Bu3P  
(0.5 mM NC, 14.8 mM Bu3P, black, bottom) with triethylphosphine (δ = -19) at  
1:1 equivalents (14.8 mM) and 50:1 equivalents (0.74 M). At 1:1 equivalents, Et3P has 





 When triethylphosphine (Et3P) is added to CdSe-CdCl2/Bu3P the broad bound-
phosphine peak shifts downfield (Figure 17), presumably due to the chemical shift of  
Et3P (δ = -19 ppm). At a 1:1 ratio of Et3P to Bu3P, the integral of the free Bu3P signal is 3x that 
of free Et3P, implying Et3P binds more tightly than Bu3P, outcompeting the larger ligand for the 
cadmium sites at the nanocrystal surface. A higher concentration of free Bu3P is not necessarily 
an indicator for higher affinity however, as this assumption is based on a one-for-one reaction 
between Bu3P and Et3P. Another possibility is that the number of available binding sites for Et3P 
is higher due to its smaller steric profile. In this case the concentration of free Et3P may be lower 
simply because there are more sites to which it can bind. While this explanation is unlikely based 
on the similar steric profile of these two ligands, the possibility of variation in the total number 
of binding sites for each ligand prevents quantitative analysis of the sample. Qualitatively 
though, Et3P appears to outcompete Bu3P, and at high concentrations of Et3P the majority of the 
ligands bound to the nanocrystal are Et3P. Triethylphosphite, on the other hand, does not displace 
Bu3P, indicating that electronics can also affect binding affinity, as these two ligands have 
similar sterics and R group length (Figure 18). 
 Soluble CdSe nanocrystals with only Et3P bound to the nanocrystal surface could not be 
isolated. Ethyl groups appear to be too small to sterically stabilize nanocrystals in non-polar 
solvents. High concentrations of Et3P, or perhaps the small concentration of Bu3P remaining in 
the NMR tube kept the nanocrystal soluble during these experiments. Attempts to isolate  
Et3P-bound, chloride-terminated CdSe nanocrystals synthesized either through L-type ligand 
exchange or by X-type exchange of CdSe-Cd(O2CR)2 in the presence of Et3P consistently led to 












H} NMR spectra of CdSe-CdCl2/Bu3P  
(0.5 mM NC, 14.8 mM Bu3P, black, bottom) with triethylphosphite (δ = 135, not shown) 
at 1:1 equivalents (14.8 mM) and 50:1 equivalents (0.74 M). Less than 5% of Bu3P is 
displaced at high concentration. Sharp peaks at δ = 0 ppm and δ = 8 ppm correspond to 
acidic impurities in triethylphosphite. 
 




H} NMR spectra of CdSe-CdCl2/Bu3P  
(0.5 mM NC, 14.8 mM Bu3P, black, bottom) with trimethylphosphine (δ = -65 ppm) at 
1:1 equivalents (14.8 mM) and 50:1 equivalents (0.74 M). At 1:1 equivalents, Bu3P is 
significantly displaced by Me3P and a broad peak due to bound Me3P appears at  
δ = -40 ppm. Only a minor free Me3P peak is visible at low concentration because the 
majority of the Me3P binds tightly to the nanocrystal surface. Nanocrystals become 
insoluble after 1 hour. 
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 Trimethylphosphine (Me3P) displaces Bu3P at just 1 equivalent, resulting in a 50% 
reduction in the 
31
P NMR signal for Bu3P bound to the nanocrystal (Figure 19). A broad peak, 
centered at δ = -40 also appears, corresponding to Me3P bound to the nanocrystal surface. A 
small peak at δ = -65 ppm due to free Me3P can also be seen. Integration of this sharp peak 
versus the bound Me3P indicates that 95% of the added Me3P is bound to the nanocrystal. Since 
only 50% of the Bu3P has been displaced at 1:1 equivalents of phosphine, the nanocrystal must 
have a greater number of binding sites available to Me3P compared to Bu3P. This is not 
surprising considering the low coverage of Bu3P (0.8 nm
-2
). With 95% of the added Me3P 
ligands bound, this increases the total coverage of phosphine to 1.2 nm
-2
. In addition, if some of 
Me3P is going to bind sites not available Bu3P, this makes the effective concentration of Me3P 
lower than that of Bu3P. The 50% displacement of Bu3P indicates that Me3P is outcompeting 
Bu3P even at the common binding sites. Increasing the concentration of Me3P causes full 
displacement of Bu3P. These nanocrystals fully precipitate over 1 hour after addition of Me3P, 
which may affect the line widths of the 
31
P{1H} NMR spectrum. While no quantitative PLQY 
measurements were made, we did observe an increase in the photoluminescence under a black 
light, even after precipitation. This corroborates the idea that the small steric profile of Me3P 
allows it to access more cadmium sites at the nanocrystal surface, thus passivating a greater 
number of electron traps. Unfortunately methyl groups are too small to stabilize the nanocrystals 
in solution. 
 The high binding affinity of Me3P led us to synthesize P,P-dimethyl-n-octylphosphine 
(Me2POc), with the hope that this ligand would increases the coverage of L-type ligands while 





P{1H} NMR spectroscopy shows a single peak at δ = -55 ppm  
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(Figure 20). Addition of Me2POc to CdSe-CdCl2/Bu3P causes displacement of Bu3P  
(Figure 21), however the chemical shift of Me2POc bound to the nanocrystal surface  
(δ = -32 ppm) unfortunately convolutes the integration of bound and free Bu3P (δ = -13 ppm and 
δ = -31 ppm, respectively). At higher concentrations of Me2POc, all of the Bu3P is displaced, and 
the nanocrystals can be isolated by precipitation, yielding Me2POc-bound, chloride-terminated 
CdSe nanocrystals (CdSe-CdCl2/Me2POc). Alternatively, CdSe-CdCl2/Me2POc can be 
synthesized directly from CdSe-Cd(O2CR)2 by substituting Me2POc for Bu3P in the chlorination 
reaction described in Chapter II (see experimental). 
 Qualitatively, the 
31
P{1H} NMR spectrum of this sample looks almost identical to  
CdSe-CdCl2/Bu3P, except shifted up-field 20 ppm (Figure 22). The resonance due to bound 








H} (bottom) NMR spectra of  
P,P-dimethyl-n-octylphosphine in chloroform-d1. 
1
H NMR shows a doublet for the two 
methyl groups (  = 0.89 ppm) split by the neighboring phosphorus nuclei and a triplet  
(  = 0.91 ppm) for the terminal methyl of the octyl chain. A small ether impurity is 









H} NMR spectra of  
CdSe-CdCl2/Bu3P (0.7 mM in NC, 5.9 mM in Bu3P, black, bottom) with Me2POc  
(δ = -53 ppm) at 1:1 (5.9 mM M, red, bottom-middle), 10:1 (59 mM, green, top-middle), 
and 100:1 (0.59 M, blue, top) in benzene-d6.  At 1:1 equivalents, a large percentage of 
Bu3P is displaced from the nanocrystal surface, and a broad resonance due to Me2POc 










H} (bottom) NMR spectra of CdSe-CdCl2/Me2POc. The 
broad resonance centered at δ = -33 ppm is Me2POc bound to the nanocrystal surface, 









H} NMR spectroscopy for CdSe-CdCl2/Me2POc 
in toluene-d8. Temperatures are as follows from top to bottom: 183 K (violet), 205 K 
(lavender), 225 K (indigo), 245 K (dark blue), 265 K (blue), 285 K (aqua), 298 K  
(sea green), 310 K (green), 320 K (forest green), 330 K (yellow), 340 K (orange), and 
350 K (red). At 183 K, the nanocrystal may be insoluble. At low temperatures, the 
exchange between bound (δ = -33 ppm) and free (δ = -53 ppm) Me2POc is suppressed, 
and as the temperature increases the free peak becomes broader as exchange occurs. 
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on CdSe-CdCl2/Me2POc (125 per NC, 2.8 nm
-2
, d = 3.8 nm, Table 1) is higher than Bu3P on 
CdSe-CdCl2/Bu3P, presumably because the slimmer steric profile of Me2POc allows access to a 
higher number of binding sites. With the hope that different binding sites at the nanocrystal 
surface may cause Me2POc to have sufficiently different chemical shifts to resolve if exchange is 




H} NMR spectroscopy experiment with  
CdSe-CdCl2/Me2POc (Figure 23). Unfortunately, the different binding sites could not be 
resolved even at 183 K. It is possible that the nanocrystals began to aggregate at this low 
temperature. As the temperature is increased, the broad resonance due to Me2POc bound to the 
nanocrystal surface appears to sharpen slightly, while the signal for free Me2POc becomes broad. 
At 340 K, the 
31
P{1H} NMR spectrum may be approaching coalescence, however we were 
unable to pursue higher temperatures due to the boiling point of toluene-d8. More work must be 
done using L-type ligands to resolve different binding sites at the nanocrystal surface, however, 
we have shown that Me2POc does have a higher affinity for the nanocrystal surface than Bu3P, 
due to the sterically unhindered head-group. 
3.3.5 Amines 
 Amines are another very popular L-type ligand utilized in nanocrystal exchange 
reactions.
14,19-26
 They also provide the opportunity to vary sterics even more drastically than the 
phosphines, by varying the number of alkyl groups per nitrogen. In fact, the butyl series may be 
the most clear indication of sterics at work. Tri-n-butylamine (Bu3N) does not displace Bu3P to 
any extent, it is a non-binder (Figure 24). Di-n-butylamine (Bu2NH) though, is a much stronger 
binder. At low concentration of Bu2NH, 31% of Bu3N is displaced from CdSe-CdCl2/Bu3P 
(Figure 25). Assuming an equal number of binding sites for each ligand (probably a poor 
assumption based on sterics), Bu2NH has a slightly weaker affinity than Bu3P for the nanocrystal 
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surface. At high concentration, Bu2NH can fully displace Bu3P. The most potent displacement 
agent in this series and this study is n-butylamine (H2NBu). Addition of 1 equivalent of  
n-butylamine displaces 60% of the bound Bu3P (Figure 26). At higher concentrations of H2NBu, 
no Bu3P is bound to the nanocrystal surface. This reaction was studied in more detail by titrating 
CdSe-CdCl2/Bu3P with n-octylamine, at just five equivalents of amine per Bu3P, the phosphine 
is fully displaced from the nanocrystal surface (Figure 27).  
 The transition from tertiary to primary amine clearly demonstrates the over-powering 
effect of sterics in these nanocrystal systems. Tri-n-butylamine has a much larger cone angle 
than Bu3P and therefore cannot displace the ligand. Secondary amines however compete with 
Bu3P fairly effectively, while primary amines have a much greater affinity for the nanocrystal 
surface than Bu3P. While the hard-soft match of Bu3P and cadmium should favor binding of the 
phosphine, the low steric profile of H2NBu ultimately dictates the binding affinity of this ligand. 
We found that even changing the hydrogen atoms on the nitrogen in H2NBu to methyl groups 
had a significant effect on its binding affinity. N,N-Dimethyl-n-butylamine (Me2NBu) is a weak 
binder, at 1:1 equivalents of amine to phosphine, only 20% of Bu3P is displaced from  
CdSe-CdCl2/Bu3P (Figure 28). Even at high concentration of Me2NBu, some Bu3P still remains 
bound to the nanocrystal surface. The length of the alkyl chain on the amine has a drastic effect 
on its binding affinity. We saw a similar trend with the phosphine series described above. 
 The aromatic amines provide further evidence to support the overwhelming effects of 
sterics on the ligand binding affinity of L-type ligands for CdSe nanocrystals. Pyridine has been 
used as an L-type ligand since the very early days of nanocrystal synthesis.
7









H} NMR spectra of CdSe-CdCl2/Bu3P  
(0.5 mM NC, 14.8 mM Bu3P, black, bottom) with tri-n-butylamine at 1:1 equivalents 
(14.8 mM) and 50:1 equivalents (0.74 M). Even at high concentration, Bu3P is not 
significantly displaced. 
 




H} NMR spectra of CdSe-CdCl2/Bu3P (0.5 mM NC, 
14.8 mM Bu3P, black, bottom) with di-n-butylamine at 1:1 equivalents (14.8 mM) and 
50:1 equivalents (0.74 M). At 1:1 equivalents, Bu2NH displaces 30% of Bu3P, and nearly 








H} NMR spectra of CdSe-CdCl2/Bu3P (0.5 mM NC, 
14.8 mM Bu3P, black, bottom) with n-butylamine at 1:1 equivalents (14.8 mM) and  
50:1 equivalents (0.74 M). At 1:1 equivalents, nearly 90% of the Bu3P is displaced from 
the nanocrystal surface, and at high concentration, no Bu3P remains bound to the 
nanocrystal. 
 
effectively displaces Bu3P due to its small steric profile and despite its weak basicity, it does not 
stabilize nanocrystals in non-polar solutions. At 1:1 equivalents of pyridine, CdSe-CdCl2/Bu3P 
begins to precipitate, and the 
31
P{1H} NMR spectrum (Figure 29) shows mostly free Bu3P  
(δ = -31 ppm). Adding an ethyl group to the 4 position of the pyridine ring enhanced the 
solubility, but high concentrations of 4-ethylpyridine still cause precipitation of chloride-
terminated nanocrystals. At 1:1 equivalents of 4-ethylpyridine to Bu3P, 30% of the Bu3P is 
displaced (Figure 30). This may indicate that 4-ethylpyridine is a slightly weaker ligand than 
Bu3P, however this number may be effected by the ability of 4-ethylpyridine to access a greater 
number of surface sites than the more sterically hindered phosphine. Similar results were 








H} NMR spectra of CdSe-CdCl2/Bu3P (14 mM in Bu3P, 
0.5 mM in NC, violet) titrated with n-octylamine. Concentration of n-octylamine 
increases from top to bottom as follows: 1:4 amine/phosphine (3.5 mM in amine, 
lavender) has 10% free phosphine, 1:2 (7 mM, blue) has 20% free, 1:1 (14 mM, aqua) has 
33% free, 3:2 (21 mM, sea green) has 51% free, 2:1 (28 mM, green) has 78% free,  
5:2 (35 mM, yellow) has 85% free, 5:1 (70 mM, orange) has 99% free, and 10:1  
(140 mM, red) has 100% free Bu3P. The downfield shift of "free" Bu3P at low 
concentration of amine followed by the up-field shift at high concentration may indicate 








H} NMR spectra of CdSe-CdCl2/Bu3P 
(0.12 mM NC, 5.3 mM Bu3P, black, bottom) with N,N-dimethyl-n-butylamine at  
1:1 equivalents (5.3 mM) and 50:1 equivalents (273 mM). At 1:1 equivalents of Me2NBu, 
less than 10% of Bu3P is displaced. At high concentration, Me2NBu displaces 60% of 
Bu3P. 
phosphine, 60% of Bu3P is displaced, and again the nanocrystals become insoluble at high 
concentrations of aromatic amine (Figure 31).  
 These results may seem contradictory to reports that pyridine successfully stabilizes 
CdSe nanocrystals after ligand exchange.
28-35
 The majority of past publications, however, do not 
clearly document L-type exchange. In fact, most probably alter the nanocrystal surface chemistry 
by L-type promoted Z-type displacement, where pyridine removes cadmium carboxylate or 
phosphonate from the nanocrystal surface.
41
 These reactions are usually incomplete, and the 








H} NMR spectra of CdSe-CdCl2/Bu3P (0.12 mM NC,  
5.3 mM Bu3P, black, bottom) with pyridine at 1:1 equivalents (5.3 mM) and  
50:1 equivalents (273 mM). Addition of just 1:1 equivalents of pyridine causes some 
nanocrystal precipitation. At high concentration of pyridine, the nanocrystals are 




H} NMR spectrum is free  
Bu3P (δ = -31 ppm). 
 
 




H} (right) and 
1
H (left) NMR spectra of  
CdSe-CdCl2/Bu3P (5.3 mM Bu3P, 0.12 mM in NC, green) with 4-ethylpyridine at  




H} NMR spectrum after 4-ethylpyridine additions 
shows 30% of the Bu3P is displaced, and the 
1
H NMR spectrum shows a broad peak in 
the aromatic region, indicating binding of 4-ethylpyridine to the nanocrystal. Raising the 









H} NMR spectra of CdSe-CdCl2/Bu3P  
(0.5 mM NC, 14.8 mM Bu3P, black, bottom) with 1-n-butylimidazole at 1:1 equivalents 
(14.8 mM) and 50:1 equivalents (0.74 M). At 1:1 equivalents, 1-n-butylimidazole 
displaces 60% of Bu3P. At high concentration, the nanocrystals begin to precipitate, and 




H} NMR spectroscopy. 
 
no organic X(or Z, depending on your frame of reference)-type ligands are present. Pyridine and 
imidazole react through L-type exchange, but neither ligand has the steric bulk needed to 
stabilize the nanocrystals in solution. While this is surprising in the case of 1-butylimidazole, 
which has a similar length to a butyl chain, the precipitation of chloride-terminated nanocrystals 
in the presence of pyridine is not inconsistent with previous reports, but rather further 







3.3.6 Summary of Results 
Scheme 3. Ligand Binding Affinity Series for Chloride-Terminated CdSe Nanocrystals.  
 
Ligands shown in blue are non-binder, violet are weak binders, and red are strong 
binders. Ligands in orange cause precipitation of the nanocrystals. 
 
 While studying each individual class of ligand separately has granted us a qualitative 
understanding regarding the importance of both sterics and electronics in L-type ligand binding, 
a more quantitative understanding of these trends is still desirable. While the quality of our  
31
P NMR data does not have the resolution required to confidently integrate both bound and free 
signals, our qualitative description of ligand binding behavior at 1:1 equivalency of Bu3P to 
added ligand and high concentration (>50:1 equivalents) does allow us to order the ligands in 
this study in terms of relative binding affinity to Bu3P (Scheme 3). Again, the majority of the 
molecules in this survey are non-binders. A few, namely tetrahydrothiophene, TOPS, and  
N,N-dimethyl-n-butylamine are weak binders, that is they do not displace Bu3P to much extent at 
1:1 equivalents, but displace Bu3P at higher concentrations. The strong binders, those that 
compete well with Bu3P for surface cadmium sites, are phosphines with smaller R-groups and 
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primary, secondary, and aromatic amines. While this series alone demonstrates the 
overwhelming importance of sterics at the nanocrystal surface, a more quantitative criterion for 
ligand binding could be advantageous. 
 We correlated our ligand binding series with both ligand basicity and Tolmann cone 
angle. The pKb measured in dimethylsulfoxide (DMSO) for most of the compounds in this 
survey are readily available, therefore we used this value for a measurement of basicity.
57
 
Tolmann cone angles are used to describe ligand sterics, but the method is generally only applied 
to amines and phosphines.
58
 The majority of the ligands that do displace Bu3P are either 
phosphines or amines, therefore we used the data available for the compounds. Plotting pKb 
versus cone angle provides some insight into the requirements for ligand binding (Figure 32). 
The fourth quadrant of the plot contains all of the ligands that bind to the nanocrystal surface for 
which the cone angles are well-known. These ligands are sufficiently compact to bind the 
nanocrystal surface, having cone angles less than 140°. Basicity is important as well; all of the 
binding ligands have pKb values above 6. Analysis of pKb and gas-phase proton affinity values 
also illustrate this point (Figure 33 and Figure 34).
59
 While many of the non-binder molecules 
likely have smaller steric profiles than Bu3P, a basicity threshold must first be satisfied for 
binding to succeed. All good rules need at least one exception, in this case that exception is 
tetrahydrothiophene, whose basicity is far lower than any of the other successful ligands. In this 
case, however, proton-affinity (either measured in DMSO or the gas-phase) may be a poor 




Figure 32. Graph showing pKb (in DMSO)
57
 versus Tolmann cone angles
58
 for amines 
and phosphines in the ligand binding series. All strong binding ligands fall in the black, 
fourth quadrant. Ligands in the first quadrant are too bulky, while ligands in the third 
quadrant are not basic enough.  
 
 
Figure 33. Bar graph showing pKb values (in DMSO) for various ligands.
59
 Bars in blue 
are for non-binders, violet are for weak binders, and bars in red are for strong binders. 




Figure 34. Bar graph showing gas phase proton affinities (kJ/mol) for various ligands.
59
 
Bars in blue are for non-binders, violet are for weak binders, and bars in red are for 
strong binders. While all strong binders meet a threshold value of 890 kJ/mol, many non-
binders do as well. 
 
Figure 35. Bar graph showing Tolmann cone angles for various ligands.
58
 Bars in blue 
are for non-binders, violet are for weak binders, and bars in red are for strong binders. 
After an initial basicity criteria is met, sterics is the best indicator for ligand binding 
affinity. 
 
 For those ligands that do meet the binding criteria (cone angle <140° C, pKb > 6), sterics 
appears to be the dominate factor in dictating ligand displacement, as n-butylamine and likely the 
cyclic amines have the smallest steric profile and are the best binders (Figure 35). One important 
factor to note is the ability of these sterically small ligands to bind sites that Bu3P cannot access. 
The total density of cadmium sites for a zinc blende CdSe nanostructure with an equal number of 
{111} and {001} facets is 2.9 nm
-2
. If a single Bu3P molecule could bind each of those sites, the 
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total density of butyl chains would be 8.7 nm
-2
. Cone angle aside, the packing density of 




 This corresponds to 1.6 Bu3P nm
-2
, which is still much 
greater than the measured density of Bu3P at the nanocrystal surface (~0.8 nm
-2
, see Appendix I) 
probably because of the 135° cone angle of Bu3P. By this estimate, the density of unoccupied 
binding sites for CdSe-CdCl2/Bu3P is 2.4 nm
-2
. This rationalize the higher number of Me2POc 
bound to the nanocrystal surface after isolation, but it may also affect the relative binding affinity 
series. Sterically unhindered molecules, such as methylated phosphines, primary amines, and 
some of the cyclic compounds may be able to bind these unoccupied sites without forcing the 
liberation of Bu3P. This effectively lowers the concentration of the added molecule, therefore 
influencing the competition experiment, which assumed a 1:1 concentration of Bu3P and the 
added molecule. In fact, ligands with a particularly high affinity for the nanocrystal surface will 
be more affected by a greater number of binding sites, because the high affinity will push the 
equilibrium towards binding the nanocrystal, and thus further reduce the number of ligands in 
solution available to exchange with Bu3P. These factors aside, the qualitative observation that a 
ligand displaces Bu3P under the conditions of our NMR experiments is enough to assign the 
ligand as non-binder, weak, or strong, even if the exact relative order of binding affinity cannot 
be determined. 
 This work is the first example of a directly measured ligand binding series for CdSe 
nanocrystals that can be rationalized in terms of measurable ligand properties such as sterics and 
basicity. We see this as the first step towards rational ligand design in order to take these 
materials forward as useful precursors in semiconductor applications, as well as selectively 
labeled chromophores for biological imaging purposes. This ligand binding affinity series also 
demonstrates the possibility for studying colloidal nanocrystals as inorganic chemists. While the 
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number of binding sites for a CdSe nanocrystal is much larger than that for even the biggest 
metal center, the same logic can be used to predict ligand binding chemistry. Understanding the 
sterics and geometry of ligands at a metal chalcogenide nanocrystal is a fundamentally 
interesting challenge ripe for further study by well-trained synthetic inorganic chemists with an 
eye for physical and analytical chemistry problems. 
3.4 L-type Ionic Salt Ligands 
 The ligand binding affinity series discussed in Section 3.3 relied on CdSe-CdCl2/Bu3P 
with only Bu3P bound to the nanocrystal surface. Without sufficiently purifying the starting 





. The phosphonium chloride impurity in these samples is an example of an ionic 
salt bound to the nanocrystal surface as an L-type ligand. In the stoichiometric nanocrystal 
model, the chloride anion binds a cadmium site on the nanocrystal surface and is balanced in 
charge by the phosphonium cation. In non-polar solvents, this cation is likely associated with the 




H} NMR spectrum of  
CdSe-CdCl2/Bu3P. In polar solvents, the cation is likely dissociated from the nanocrystal 
surface, tumbling freely in solution (see below). The ligand binding affinity rules developed for 
Bu3P bound nanocrystals do not apply to the cation part of L-type ionic salts bound to 
nanocrystal surfaces. For instance, addition of N,N-diisopropylethylamine (iPr2NEt) to  




 (δ = 10 ppm) to be shifted 
towards free Bu3P (δ = -31 ppm), while the rest of the Bu3P bound directly to the nanocrystal  
(δ = -13 ppm) is unaffected (Figure 36). N,N-diisopropylethylamine (pKb = 11.4 in DMSO) is 




 (pKa = 8.43 in DMSO) yet too sterically 
hindered to bind the nanocrystal surface.
57
 Precipitation of CdSe-CdCl2/Bu3P after exposure to 
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) as apparent by 
1
H NMR spectroscopy (Figure 37). This "outer-sphere" 
deprotonation reaction can complicate ligand binding studies but also is an essential part of 







H} NMR spectra of CdSe/CdCl2-Bu3P on addition of  
N,N-diisopropylethylamine. Deprotonation of the [Bu3P-H]
+
 is seen as the resonance at  
 = 11 ppm shifts up-field to  = -23 ppm. Presumably rapid exchange with either the 
nanocrystal or CdCl2 broadens and shifts the resonance down-field away from free Bu3P 
( = -31 ppm). 
 
 In fact, L-type ionic salt ligands are rapidly usurping neutral L-type ligands as the banner 
molecules for ligand exchange reactions. The popularity of these ligands has increased with the 
acceptance of the non-stoichiometric nanocrystal surface model. Mass-action driven salt 
metathesis has become the standard method for exchanging X-type ligands. The Murray group 
prefers ammonium or sodium thioisocyanates, and has demonstrated full exchange of the native 




Figure 37. Addition of N,N-diisopropylethylamine to CdSe-CdCl2/Bu3P. 
1
H NMR of 
CdSe-CdCl2/Bu3P shows alkyl peaks due to [Bu3P-H]
+
, Bu3P and  
N,N-diisopropylethylamine (blue, top). Successive precipitations with methylacetate and 
acetonitrile gives rise to binding of the amine and loss of some Bu3P (red, bottom). Black 
dots indicate residual peaks from N,N-diisopropylethylammonium.  
 
after ammonium thioisocyanate exchange.
61-63
 The Sargent group has developed a solid-state 
halide exchange reaction using ammonium halides for the lead chalcogenides, reporting record 
photovoltaic device performance.
32,64-67
 Ammonium metal chalcogenide complexes (MCCs) 
have become a workhorse ligand for the Talapin group, which has demonstrated high mobilities 
for a variety of metal chalcogenide nanocrystal systems.
68-72
 All of these salt metathesis reactions 
monitor exchange via phase change, generally from non-polar to a polar solvent. They also 
report negative zeta potentials for the exchange nanocrystals.
62,69,71,72
 These changes to surface 
chemistry imply a binding of excess salt, rather than a one for one exchange of X-type ligands. 
Despite the significant concerns relating to mobile ions in thin film devices, no quantitative study 
of ionic salt binding has been reported. In particular, the cations which balance charge in these 





3.4.1 Synthesis and Characterization of CdSe-CdCl2/[Bu3P-H][Cl] 
Scheme 4. Synthesis of CdSe-CdCl2/[Bu3P-H][Cl] 
 
 We focused exclusively on manipulating the ionic salt content in chloride-terminated 
CdSe nanocrystals. Addition of 1 equivalent of oleic acid per carboxylate in a typical 





 (CdSe-CdCl2/[Bu3P-H][Cl], Scheme 4). These nanocrystals are soluble in 
acetonitrile and can be precipitated by addition of toluene. Isolation by this method yields 















Tri-n-butylphosphonium chloride binds exclusively through the chloride anion, which is 
considerably smaller than Bu3P. An increase in the PLQY of 2% also implies a greater number 
of L-type ligands bound to potential electron traps, however any bold statements regarding the 
dependence of PLQY on ionic salt binding at the nanocrystal surface must be tempered until 




H} NMR spectrum of  
CdSe-CdCl2/[Bu3P-H][Cl] in acetonitrile-d3 shows a single, sharp peak (δ = -11 ppm,  
Figure 38) corresponding to [Bu3P-H]
+





essentially freely tumbling in solution, meaning only the chloride is bound to the nanocrystal 
surface, providing electrostatic stabilization in polar solutions. Decreasing the polarity of the 
solvent by adding benzene-d6 causes the phosphonium peak to broaden significantly, implying 
that the phosphonium is becoming more associated with the chloride bound to the nanocrystal 
surface as a result of less favorable charge separation (Figure 39). The nanocrystals remain 
soluble until the volume of acetonitrile is less than 10% of the total volume, at which point the 









H} (top) and 
1
H (bottom) NMR spectra of CdSe-CdCl2/[Bu3PH][Cl]  




) in acetonitrile-d3. Sharp peak at  




H} NMR spectrum indicated [Bu3P-H]
+
 is not closely associated 
with the particle and tumbles freely. Sharp peak at δ = 6.5 in the 
1
H NMR is a doublet of 
a septet from Bu3P-H.  
 








H} (left) and 
1
H (right) NMR spectra of CdSe-CdCl2/[Bu3PH][Cl] on 
addition of benzene-d6. Concentration of benzene-d6 is increased from top to bottom, 
decreasing the polarity of the solution. Sharp peaks of "free" [Bu3P-H]
+
 broaden as 
[Bu3P-H]
+
 begins to associate with the nanocrystal. 
 

















CdSe-CdCl2/ Me2POc 3.8 511(47) 125(20) 2.8(3) 
CdSe-CdCl2/[Bu3PH][Cl] 3.3 335(35) 90(10) 2.8(3) 
CdSe-CdCl2/RNH2
e 
3.3 335(35) 64(10) 1.9(3) 
CdSe-CdCl2/RNH2
f 
3.4 366(37) 59(9) 1.6(3) 
CdSe-CdCl2/RNH2
g 
3.5 400(40) 190(20) 4.9(5) 
CdSe-CdBr2/RNH2
g 
3.5 400(40) 90(10) 2.2(3) 
CdSe-CdI2/RNH2
g 
3.5 400(40) 65(10) 1.6(3) 
a) Diameters are calculated from the energy of the lowest energy absorption and estimated to have an error 
of approximately 1 Cd-Se bond distance (~0.2 nm) b) CdSe units per nanocrystal (NC) are calculated 
assuming a spherical shape and the molar volume of zinc-blende CdSe (17.80 nm
-3
). Errors shown are 
propagated from the uncertainty in the diameter (see Chapter I Experimental). c) The number of organic 
ligands per nanocrystal (NC) is measured by comparing the concentration of ligands determined with  
1
H NMR spectroscopy and the concentration of CdSe determined using absorption spectroscopy; see 
experimental section for details. d) Ligand densities were calculated by dividing the number of ligands per 
nanocrystal by its surface area assuming a spherical shape. e) R = n-dodecyl. f) R = n-octyl g) R = n-butyl 
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 The alkylphosphonate-terminated CdSe nanocrystals shows similar behavior to  
CdSe-Cd(O2CR)2 in the presence of oleic acid. Chlorination of CdSe-CdO3PR yielded particles 
soluble in chlorinated solvents when conducted in the presence of iPr2NEt, Cy3P, Et3P, and 
Bu3N. All of these ligands result in insoluble nanocrystal products when used as a substitute in 
chlorination reactions starting from CdSe-Cd(O2CR)2. Hens et al. previously reported a 2:1 ratio 
of octadecylphosphonate to excess cadmium, suggesting that the dominate form of this anionic 
ligand is the monoprotic species.
74
 Exposure of monohydrogen phosphonate to Me3Si-Cl leads to 
the formation of HCl and thus salt-stabilized nanocrystals. Those particles chlorinated in the 
presence Bu3P were difficult to isolate, presumably because the mixture of neutral and salt 
ligands accommodates solubility in both polar and non-polar solvents. These particles could not 
be precipitated using acetonitrile, methyl acetate, pentane, or toluene, therefore in depth 
characterization of the isolated product is incomplete. 
  Triethylphosphine is probably too small to stabilize chloride-terminated particles in non-





). We note that addition of Et3P to CdSe-CdCl2/Bu3P caused precipitation of the 
nanocrystals in the neutral L-type ligand study (Section 3.3). In the cases of iPr2NEt, Cy3P, and 
Bu3N  precipitation occurs during chlorination of acid-free CdSe-Cd(O2CR)2 because these 
ligands cannot bind directly to the surface of the nanocrystal, as was seen in the neutral ligand 
binding series in the previous section. As a protonated cations, however, they act to balance the 
charge of Cl
-
 bound to the surface of the nanocrystal and stabilized the nanocrystal in solution as 
a salt ligand. Interestingly, attempts to exchange carboxylate with Me3Si-Cl using pyridine in the 
presence of oleic acid failed, including when the reaction was run in neat pyridine. Pyridine may 
not be basic enough to form pyridinium chloride under these conditions.   
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 While the optical spectroscopy of chloride-terminated CdSe nanocrystals was detail 
earlier (Chapter II), an interesting contrast in the UV-Visible absorbance spectrum occurs 
between CdSe-CdCl2/[Bu3P-H][Cl] and CdSe-CdCl2/Bu3P. The first electronic transition of 
CdSe-CdCl2/Bu3P remains unchanged compared to the CdSe-Cd(O2CR)2 parent sample, while 
CdSe-CdCl2/[Bu3P-H][Cl] showed a blue-shift (10 nm) in the first electronic transition. The 
photoluminescence post-chlorination was still suppressed compared to CdSe-Cd(O2CR)2, 
however the PLQY for CdSe-CdCl2/[Bu3P-H][Cl] is an order of magnitude higher than  
CdSe-CdCl2/Bu3P Figure 40. A similar blue-shift in the absorbance is seen in chloride-
terminated samples made from CdSe-CdO3PR (Figure 41). Control experiments showed that 
tetradecanoic and oleic acid alone do not influence the absorption spectrum or PLQY of  
CdSe-Cd(O2CR)2 or CdSe-CdCl2/Bu3P. Conditions that produce large amounts of HCl cause a 
blue shift in the nanocrystal absorption that correlates with the amount of protic impurity present. 
This blue-shift results from a reduction in the nanocrystal diameter that is caused by hydrogen 
chloride, which etches the nanocrystals, forming CdCl2 and SeH2 (Figure 42). Reactions that 
produce large amounts of hydrogen chloride can lead to destruction of the sample, emphasizing 
the need to remove protic impurities like water, alcohols, primary amines, and carboxylic acids 





Figure 40. UV-visible absorption (left) and photoluminescence (right) spectra of  
CdSe-CdCl2/[Bu3PH][Cl] (bottom, green) and parent CdSe-Cd(O2CR)2 (top, red) and 
sister CdSe-CdCl2/Bu3P (middle, blue). A 10 nm blue shift occurs as the nanocrystal is 
etched by HCl during chlorination. The second electronic transition is also broaden along 
with the corresponding quenching of the PLQY.  
 
Figure 41. UV-Visible absorption (solid) and photoluminescence (dashed) 
spectroscopies for CdSe-CdO3PR before (black) and after chlorination (green).
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Absorption spectrum blue-shifts 5 nm after chlorination, and the photoluminescence 
increases 30%. These results a similar to the chlorination of CdSe-Cd(O2CR)2 in the 




Figure 42. Synthesis of CdSe-CdCl2/[Bu3P-H][Cl] monitored by photoluminescence 
(left) and UV-visible absorption (right) spectroscopy 1 equivalent of oleic acid  
(per 
-
O2CR) was added before Me3Si-Cl (red, t = 0), and the reaction was monitored for 
45 minutes (blue, t = 44 min). A 10 nm blue-shift occurs in the first electronic transition, 
indicating the size of the nanocrystal is decreasing, and the total PLQY increases from 
0% to 10%. All absorption spectra are normalized to the intensity of the first electronic 
transition, and photoluminescence spectra are normalized to PLQY.  
 
 Reactions between protic impurities and Me3Si–Cl have significant impact on the ligand 





 ligands. As reported previously, without treating CdSe-Cd(O2CR)2 with Me2Cd, 
chlorination yields a small amount of [Bu3P–H]
+
, and CdSe-CdCl2/Bu3P is consistently isolated 




 per nanocrystal, despite the >150-fold excess of Bu3P. Together 




 binds the nanocrystal with much greater affinity 




 for the nanocrystal surface underscores the need 
to control the amount of free acid, water or alcohols in the starting material. While control over 
the solubility of particles is gained by varying the salt content of the samples, unintentional or 
unrecognized formation or addition of ionic salts could have marked effects on the properties of 
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thin film devices made from these materials. Protonation of Bu3P converts this labile, neutral  
L-type ligand into an L-type ionic salt ligand with a much higher boiling point, making it more 
difficult to remove by annealing. This could lead to unreliable measurements of conductance and 
greater hysteresis in electrical measurement of thin films. Film work conducted in our group has 
demonstrated that carbon loading after annealing of CdSe-CdCl2/L (L= Bu3P or H2NBu) is in 




 content of these films, and higher carbon loading leads to poor 
device performance, at least in the context of these chloride-terminated nanocrystals.
76
 
Controlling the ionic salt ligand content as a means to tune nanocrystal solubility, however, 
could have promise in functionalizing these materials for biological imaging applications. 
3.5 Properties of Amine-Bound, Halide-Terminated CdSe Nanocrystals 
3.5.1 Synthesis of CdSe-CdCl2/RNH2 
Scheme 5. Synthesis of CdSe-CdCl2/RNH2 (R = C4H9, C8H17, C12H25) 
 
 
 We have, for the most part, avoided discussing the changes to the optical properties of 
chloride-terminated nanocrystals during L-type ligand exchange. As we shall see in the next 
chapter, adding L-type ligands to metal chalcogenide nanocrystals can do much more than 
simply exchange L-type ligand for L-type ligand. Acid-base reactions at the nanocrystal surface 
can unintentionally open up hole traps as easily as binding an L-type ligand can block an electron 
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trap. This has led to many confusing and contradictory reports regarding L-type ligand binding at 
CdSe nanocrystal surface.
76
 While a much more detailed discussion resolving these discrepancies 
is coming in Chapter IV, one final L-type ligand exchange reaction serves as a convenient 
transition from L-type ligands to Z-type ligation.    
 As discussed earlier, the distinct signals from bound and free phosphines makes it 




H} NMR spectroscopy. We found  
n-alkylamines are the best displacement reagents for Bu3P from CdSe-CdCl2/Bu3P, even 




. At five equivalents of n-butylamine per phosphine the 




 are replaced by the sharp signal of 
free Bu3P upon mixing (Scheme 5 and Figure 43, top). At one equivalent partial displacement is 
observed and rapid exchange between free and bound Bu3P is evident from its broadened and 
shifted signal (Figure 43, middle). Both the free phosphine line-width and chemical shift depend 
on the total concentration and the chain length of added the amine ligand (Figure 44), supporting 
this proposed dynamic exchange process. Similar results were obtained with n-octyl and  
n-dodecyl amine. Isolating these exchanged nanocrystals by precipitation  provides access to 
amine-bound, chloride-terminated CdSe nanocrystals (CdSe-CdCl2/RNH2, R= C4H9 (Bu), 
C8H17, or C12H25). The coverage of amine in these samples is dependent on the isolation process, 
particularly the concentration of amine during precipitation. 
1
H NMR and UV-visible absorbance 
spectroscopy reveals a higher surface coverage for CdSe-CdCl2/RNH2 of   
1.8 n-alkylamine nm
-2
 if the nanocrystals are precipitated from 2 M solutions of amine  
(Figure 45).  
 The L-type ligand exchange converting CdSe-CdCl2/Bu3P to CdSe-CdCl2/RNH2 causes 
a dramatic increase in the photoluminescence, provided that the nanocrystals are dissolved in 
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concentrated (0.1 M) amine solution (~1000-fold, PLQY = 33±3%).
45
 At the same time, the 
optical absorption blue-shifts slightly (3 nm) and the sharpness of the 1Se-2S3/2h transition is 
recovered (Figure 46). This observation, coupled with the higher coverages of amine measured 
by 
1
H NMR spectroscopy, supports a nanocrystal model where greater surface coverage of  
L-type ligands means less open electron traps which would otherwise quench 
photoluminescence. In fact, the weak photoluminescence and broadened 1Se-2S3/2h absorption 
transition of CdSe-CdCl2/Bu3P may derive from coordinative unsaturation. However, the 
~1000-fold increase in quantum yield upon amine exchange indicates that PLQY may not have a 
linear relationship to surface coverage, which only changes 3-fold on converting  
CdSe-CdCl2/Bu3P to CdSe-CdCl2/RNH2. 
 
 




H} NMR spectra of CdSe-CdCl2/Bu3P (bottom, black) upon addition of 
1 equiv (blue, middle) and 5 equiv of n-butylamine (orange, top). 
31
P NMR signals for 
[Bu3P–H]
+
 and Bu3P shift up-field toward the chemical shift of free Bu3P (δ = −31 ppm) 
as n- butylamine deprotonates [Bu3P–H]
+









H} NMR spectra of CdSe-CdCl2/Bu3P (bottom, black) upon addition of 
1 equivalent (blue, middle) and 5 equivalents of n-octylamine (orange, top). 
31
P NMR 
signals for Bu3P shifts up-field toward the chemical shift of free Bu3P ( = -31 ppm) as  
n-octylamine displaces Bu3P from the nanocrystals. The total concentration of this 
experiment (14 mM in Bu3P) is lower than Figure 43 (37 mM), therefore the "free" Bu3P 
peak after 5 equivalents of n-octylamine is broader. We hypothesize that the lower total 
concentration causes the dynamic exchange between bound and free to be slower, leading 
to broadening of the NMR signal. 
 
3.5.2 Amine Exchange with Other Halide-Terminated CdSe Nanocrystals 
 Exchanging Bu3P for BuNH2 also has a drastic effect on the properties of bromide- and 
iodide-terminated CdSe nanocrystals. Soluble, BuNH2-bound samples of bromide-terminated 
(CdSe-CdBr2/BuNH2) and iodide-terminated (CdSe-CdI2/BuNH2) could be isolated by adding 







H NMR spectrum of isolated and purified CdSe-CdCI2/RNH2 with  
n-dodecylamine (0.51 M CdSe, 1.5 mM nanocrystal, 0.10 M n-dodecylamine 
corresponding to 64±10 amines per nanocrystal; Entry 3 in Table 1). Methyl acetate 
impurity ( = 1.6 and 3.2 ppm) and ferrocene standard ( = 4.0 ppm) appear as sharp 
peaks.     
 
 
Figure 46. Absorbance (left) and photoluminescence (right) spectra of  
CdSe-CdCl2/Bu3P (blue) and CdSe-CdCl2/BuNH2 (green) after isolation. For clarity, 







H NMR spectra of CdSe-CdCl2/BuNH2 (left) and CdSe-CdBr2/BuNH2 
(right) at high (0.1 M, top, blue) and low (as isolated, bottom, black) concentration in 
benzene-d6. As isolated, CdSe-CdCl2/BuNH2  has 192 BuNH2 per NC (4.9 nm
-2
) and 
CdSe-CdBr2/BuNH2 has 89 per NC (2.3 nm
-2
). Changes in NMR line shape and 




H NMR spectra of CdSe-CdI2/BuNH2 at high (0.1 M, top, blue) and low  
(as isolated, bottom, black) concentration in benzene-d6. As isolated,  
CdSe-CdCl2/BuNH2  has 65 per NC (1.7 nm
-2
). Changes in NMR line shape and 
chemical shift are not well understood. Broad resonance at δ = 5.8 may be due to un-
cleaved oleate, however at high concentration of amine this signal is not present. Spectra 





H NMR spectra of CdSe-CdBr2/BuNH2 (Figure 47) and CdSe-CdI2/BuNH2  
(Figure 48) confirm that the amine is fully bound to the nanocrystal in these samples, and the 
NMR line width is very dependent on the concentration of BuNH2. Contrary to the original red-
shifted UV-Visible absorption spectra of these halide-terminated samples compared to the  
CdSe-Cd(O2CR)2, these nanocrystals show significantly blue-shifted absorption spectra, even 
compared to CdSe-CdCl2/Bu3P synthesized from the same parent nanocrystals (Figure 49) 
Much like CdSe-CdCl2/Bu3P, the photoluminescence of these samples is also increased in 
solutions with a high concentration of amine. While CdSe-CdI2/BuNH2 shows only a modest 
increase in PLQY (8%), CdSe-CdBr2/BuNH2 has a PLQY of 45% at ~2 M amine (Figure 49). 
We speculate that these differences in PLQY may be due to the binding affinity of CdX2  
(X = Cl, Br, I) for the nanocrystal surface (see Chapter IV). Cadmium bromide has the best 
lattice match for CdSe, and therefore may bind and passivate selenium sites most effectively, 
while amine passivates cadmium sites.  
 Most importantly, the bright photoluminescence and narrow spectral features of  
CdSe-CdX2/RNH2 indicate that halide-termination of CdSe nanocrystals does not necessitate a 
poorly passivated surface. As long as the coverage of L-type ligands is high, the nanocrystals 
have PLQY on par to or higher than the original nanocrystals. This makes CdSe-CdCl2/RNH2 
unlike metal-chalcogenide-, thiocyanate-, or sulfide-bound nanocrystals used to make thin-film 
devices. Recent reports have also demonstrated that cadmium chloride and cadmium carboxylate 
are effective passivating layers for lead sulfide nanocrystals, leading in one case to high 
photovoltaic efficiencies.
77,78
 Furthermore, cadmium chloride is well known to cause grain 
growth and passivate trap states in cadmium telluride photovoltaic cells.
79




Figure 49. UV-visible absorption spectra of CdSe-CdCl2/BuNH2 (top, blue),   
CdSe-CdBr2/BuNH2 (middle, orange), and CdSe-CdI2/BuNH2 (bottom, purple) 
synthesized from the same CdSe-Cd(O2CR)2. Spectra were acquired in  
0.1 M n-butylamine solutions of toluene.  The first electronic transition for  
CdSe-CdBr2/BuNH2 is shifted 5 nm to the blue compared to CdSe-CdCl2/BuNH2, while 
the spectrum for CdSe-CdI2/BuNH2 is broaden and blue shifted 20 nm from  
CdSe-CdCl2/BuNH2. These changes correspond to a 12 nm and 29 nm blue-shift on 
exchange of Bu3P for BuNH2 for bromide- and iodide-terminated nanocrystals 
respectively. Absorption spectra are normalized at 350 nm, photoluminescence spectra 
areas are normalized by PLQY. 
 
manipulating the L-type and X-type ligands, we can prepare gram quantities of chloride-
terminated nanocrystals with volatile organic ligands that may be removed under mild 
conditions. This has allowing us to study the intrinsic electrical properties of chloride-terminated 
CdSe nanocrystals and obtain record-breaking carrier mobilities.
76
 CdSe-CdCl2/BuNH2 has also 







3.6 Experimental Details 
3.6.1 Preparation of Acid-Free CdSe-Cd(O2CR)2  
 After isolation of CdSe-Cd(O2CR)2 (See Chapter I), nanocrystals were stirred in a  
0.1 M solution of Me2Cd in toluene at room temperature in a nitrogen glove box for 3 hours. 
Excess Me2Cd and toluene were removed under vacuum for 1 hour, after which the red 
nanocrystal powder was dissolved in pentane and precipitated three times using methyl acetate 
(see isolation procedure). Nanocrystals were then stored in the dark under nitrogen until 
chlorination. 





  All manipulations were conducted on a Schlenk line at room temperature. In a typical 
synthesis, a benzene-d6 stock solution of Me2Cd-treated CdSe-Cd(O2CR)2  
(1.0 ml, 0.5-2.0 mmol ligand) with a known carboxylate concentration was transferred to a  
50 ml Schlenk tube with a magnetic stir bar. The solution was diluted to a total volume of 5 ml 
with toluene to which Bu3P (0.506 g, 0.624 ml, 2.5 mmol) was added. Me3Si–Cl  
(6.0-24 mmol, 12 equiv.) was added and the solution stirred for 24 hours (8x longer than the 
standard synthesis, see Chapter II). After this time, the volatiles were distilled off under vacuum 
and the red solid dissolved in toluene (5 ml) and a 50:50 mixture by volume of methyl acetate 
and acetonitrile was added to precipitate the nanocrystals, which were separated by 
centrifugation (7000 RPM for 5 minutes). This process was repeated twice more, after which the 
red powder was dried overnight under vacuum. The nanocrystals were dissolved in benzene-d6 to 




3.6.3 General Ligand Binding Series NMR Experiment 
  Benzene-d6 stock solutions of various L-type ligands were prepared in a nitrogen glove 
box by diluting a known mass of ligand with 1 ml of benzene-d6 so that the stock solution 
concentration was 0.9 M in ligand. Using a 25 μl syringe, 10 μl of this stock solution was added 
to a 600 μl benzene-d6 solution of CdSe-CdCl2/Bu3P (15 mM in Bu3P, 0.6 mM in NC) in a  




H} and  
1
H NMR spectra were acquired within 1 hour under standard conditions. The J-young tube was 
then loaded back into the nitrogen glove box, and the appropriate mass of ligand was added to 
bring the total concentration of ligand to 1.5 M (100 fold excess of ligand to Bu3P). The J-young 






H NMR spectra were acquired within  
1 hour under standard conditions. 
 
3.6.6 Synthesis of P,P-Dimethyl-n-octylphosphine 
  On an argon Schlenk line, 9.9 ml (19.7 mmol) of n-octyl magnesium bromide  
(2 M in diethyl ether) was added drop-wise to 2 g (20.7 mmol) of chlorodimethylphosphine in 20 
ml of ether at -77 °C.
56
 The solution was warmed to room temperature and stirred for 2 hours. 
Ether was removed under partial vacuum and the product distilled under full vacuum at room 
temperature. 
1
H NMR (CCl3D, 400 MHz):  = 0.89 (d, 6H, -CH3), 0.91 (t, 3H, -CH3) 1.2-1.6 (b, 




H} NMR (CCl3D, 400 MHz):  






3.6.7 Synthesis of CdSe-CdCl2/Me2POc 
  All manipulations were conducted on a Schlenk line at room temperature. In a typical 
synthesis, a benzene-d6 stock solution of Me2Cd-treated CdSe-Cd(O2CR)2  
(1.0 ml, 0.5-2.0 mmol ligand) with a known carboxylate concentration was transferred to a 50 ml 
Schlenk tube with a magnetic stir bar. The solution was diluted to a total volume of 5 ml with 
toluene to which Me2POc (0.438 g, 2.5 mmol) was added. Me3Si–Cl (6.0-24 mmol, 12 equiv.) 
was added and the solution stirred for 24 hours. After this time, the volatiles were distilled off 
under vacuum and the red solid dissolved in toluene (5 ml) and methyl acetate was added to 
precipitate the nanocrystals, which were separated by centrifugation (7000 RPM for 5 minutes). 
This process was repeated twice more, after which the red powder was dried overnight under 
vacuum. The nanocrystals were dissolved in toluene-d8 to a concentration of 0.5-1.0 mM in 




H NMR spectroscopies.  
 
3.6.8 VT-NMR Spectroscopy with CdSe-CdCl2/Me2POc  
 A 83 mM solution of CdSe-CdCl2/Me2POc in toluene-d8 was loaded into a J-young tube 
under nitrogen. The spectrometer was cooled to 183 K with liquid nitrogen. After equilibrating 
for 5 minutes, the magnet was shimmed and probe tuned using automated functions on the 




H} NMR spectrum was taken under standard acquisition conditions. The 
temperature was then raised to 205 K and the magnet re-shimmed and probe re-tuned after 




H} NMR spectrum was acquired. The temperature 
was subsequently raised to by 20 K steps for each of the spectra until 298 K. For those 
temperatures above 298 K,  the liquid nitrogen coolant was exchanged for a heating coil, which 
was used to increase the temperature at 10 K steps up to 340 K. 
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3.6.9 Synthesis of CdSe-CdCl2/[Bu3P-H][Cl]  
 In a typical synthesis, a benzene-d6 stock solution of CdSe-Cd(O2CR)2  
(1.0 ml, 1.0 mmol 
-
O2CR) was transferred to a 50 ml Schlenk tube with a magnetic stir bar in a 
nitrogen glove box. The solution was diluted to a total volume of 5 ml with a 3:1 solution of 
toluene and acetonitrile or methylene chloride to which Bu3P (0.506 g, 2.5 mmol) was added. 
Oleic acid (0.283 g, 1.0 mmol) was also added. The Schlenk tube was then transferred to an 
argon Schlenk line, and Me3Si–Cl (6.0-24 mmol, 12 equiv.) was added via syringe and the 
solution stirred for 3 hours. After this time, the volatiles were distilled off under vacuum and the 
red solid dissolved in acetonitrile (5 ml) and a toluene was added to precipitate the nanocrystals, 
which were separated by centrifugation (7000 RPM for 5 minutes). This process was repeated 
twice more, after which the red powder was dried overnight under vacuum. The nanocrystals 






H NMR spectroscopies. Similar procedures were used to chlorinate  
CdSe-CdO3PR instead of  CdSe-Cd(O2CR)2 with added oleic acid. 
 
3.6.10 Synthesis of CdSe-CdX2/RNH2 (X = Cl, Br, I; R = n-butyl, n-octyl, or n-dodecyl) 
  In a nitrogen filled glove box, n-alkylamines (R= n-butyl, n-octyl, or n-dodecyl, 5 mmol) 
were added to a benzene-d6 stock solution of CdSe-CdX2/Bu3P (5 ml, 0.5-1.0 mM in NC,  
37.5-75.0 mM in Bu3P and 5-10% [Bu3P-H]
+
[Cl]) and the solution was stirred for 1 hour. An 
increase in the fluorescence is immediately apparent on mixing. Small amounts of insoluble 
material formed during upon stirring that were removed by centrifugation. The nanocrystals are 
precipitated from the solution by addition of methylacetate (R= n-octyl and n-dodecyl) or 
pentane (R= n-butyl), and the solids isolated by centrifugation. This process is repeated a second 
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and third time, after which the red powder was dried under vacuum. Samples prepared with  
n-butylamine, can result in insoluble materials if they are left under vacuum for prolonged 
periods. Samples prepared with n-octylamine and n-dodecylamine may be dried under vacuum 
for several hours without compromising their solubility. The nanocrystals were dissolved in 
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 As we have seen, nanocrystal surface chemistry is by no means simple. Addition of one 
type of ligand often alters surface composition in unexpected ways. The most stark example of 
this is Z-type displacement caused by the addition of L-type ligands. In this chapter, we shall 
explore this reaction in detail, as it is essential for understanding the mechanism of most ligand 
exchange reactions previously reported. Before the work described below, little systematic 
knowledge was documented regarding the product of apparent "L-type" ligand exchange. In 
addition, models that adequately explain the quenching or brightening of PLQY on binding of  
L-type ligands were lacking, and thus the precise relationship between trap states and ligation 
largely remained a mystery. 
In accordance with the non-stoichiometric model of a nanocrystal, the ligand shell 
depends on the degree of excess metal ions at the surface of the nanocrystals. Colloidal synthesis 
often affords nanocrystals rich in metal cations whose charge neutrality is maintained by anionic 
X-type ligands (Chapter I).
1-8
 Metal-enrichment is also known to increase with decreasing 
nanocrystal size, a finding that supports the growing acceptance of the non-stoichiometric 
model.
9-12
 Alternatively, metal chalcogenide nanocrystals can be thought of as a stoichiometric 
core with a layer of metal-ligand complexes adsorbed to their surfaces.
1-3,6
 However, the precise 
stoichiometry appears to vary depending on the synthesis and isolation procedure, and the range 
over which stoichiometry can vary for a given size is unclear. 
9-13
 
Even the out-dated TOPO model pointed to the importance of coordinating open 
chalcogenide sites at the nanocrystal surface. The TOPO model, however, suggested that 
phosphine ligands passivate surface chalcogenide sites, but the 
31
P NMR evidence supporting 
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this conclusion is controversial.
14-18
 L-type ligands, such as phosphines and amines, can bind to 
metal centers thereby destabilizing their sub-conduction band vacant orbitals,
8,19-21
 however 
passivation of supra-valence band filled orbitals on surface chalcogenide sites is only in principle 
possible with Z-type, acceptor ligands, such as Lewis acidic cadmium centers.  
Optoelectronic properties, such as PLQY and electrical transport, are influenced by 
nanocrystal stoichiometry.
4,7,22-25
 For example, charge carrier concentrations in nanocrystal thin-
films can be systematically altered by changing stoichiometry with physical vapor deposition
26
 
or wet chemical methods.
10,25,27-30
 PLQY also depends on stoichiometry, as observed in 
successive ionic layer adsorption and reaction (SILAR) studies, where cadmium chalcogenide 
nanocrystals with cadmium-rich surface layers are generally brighter than chalcogenide-rich 
nanocrystals.
31-36
 Several others have shown that Z-type exchange with a “foreign” metal, such 
as Cd2+ for Pb
2+





 and increase charge carrier mobilities.
22,46,47
 Thus passivation of surface 
chalcogen sites can be accomplished with a layer of bound M
2+
 ions. These results suggest that 
surfaces rich in metal ions are important to prevent charge trapping and that control over 
nanocrystal stoichiometry and Z-type ligand coverage is key to optimizing their PLQY.
4
   
In the following study, we demonstrate that the surface layer of excess metal ions are 
labile and reversibly bind to and dissociate from nanocrystal surfaces as carboxylate complexes 
(M(O2CR)2). We show that L-type donor ligands, often used in nanocrystal isolation and  
ligand-exchange procedures, displace metal carboxylate Z-type ligands as acid-base adduct 
complexes (L–M(O2CR)2) (Scheme 1). Furthermore, displacement is reversible, occurs rapidly at 
room temperature, and depends on the sterics, electronics, and concentration of the L-type ligand 
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that competitively binds M(O2CR)2 and the nanocrystal surface. We also show that the 
M(O2CR)2 surface coverage has a positive, super-linear correlation with the PLQY. 
Photoluminescence is very sensitive to coverage between 2 - 3 carboxylates nm
-2
  
(1 - 1.5 Cd(O2CR)2 nm
-2
), corresponding to Cd:Se ratios of 1.2 - 1.1, a range of stoichiometry 
that is commonly obtained from several nanocrystal syntheses.
3,5,8,11,48
 At coverages below  
2 carboxylates nm
-2
 (1 Cd(O2CR)2 nm
-2
), the PLQY is completely quenched.  
These observations indicate that nanocrystal stoichiometry can vary for a given core size, 
and that careful maintenance of nanocrystal stoichiometry is crucial in order to systematically 
control and understand nanocrystal optoelectronic behavior. We will also discuss the use of  
L-type promoted Z-type ligand displacement to synthesize the "first" stoichiometric nanocrystal 
bound solely by primary amines (CdSe-NH2R, R = C4H9 (Bu) or C8H17 (Oc)). The ability to 
access this material support the neutral fragment model, where the excess metal content of 
nanocrystals is a result of the ligand composition, rather than an inherent non-stoichiometry of 
the semiconducting core. Stoichiometric nanocrystals are ideal for studying the fundamental 
chemical properties of colloidal semiconductors, and we demonstrate the utility of this material 







4.2 L-type Promoted Z-type Displacement 
Scheme 1. Displacement of L–M(O2CR)2 from Metal Chalcogenide Nanocrystals 
Promoted by L-Type Ligands 
 
 
4.2.1 Monitoring Z-type Displacement with 
1
H NMR Spectroscopy.  
 Displacement of cadmium carboxylate from CdSe-Cd(O2CR)2 (d = 3.3 - 3.7 nm) was 
monitored in situ using 
1
H NMR spectroscopy. The vinylic hydrogens of surface-bound oleyl 
chains display a broad resonance in the range 5.3 – 5.6 ppm, well-separated from other  
ligand-derived signals and therefore useful for monitoring displacement reactions (Figure 1). The 
NMR line-width provides a convenient method to distinguish bound ligands, which tumble 
slowly and have broad signals, from ligands moving freely in solution, which display sharp 
signals.
1-3,5,6,49
 In this way, NMR spectroscopy can be used to study nanocrystals in the presence 
of small molecule impurities, especially unconverted M(O2CR)2 remaining from the synthesis, as 
well as to determine the surface coverage of carboxylate ligands (see experimental). Using this 
approach we found that CdSe-Cd(O2CR)2 isolated by precipitation with methyl acetate had 
surface coverages of 3.3 - 3.7 carboxylates nm
-2





 Displacement of Cd(O2CR)2 from CdSe-Cd(O2CR)2 was observed in the presence of 
several L-type Lewis bases including alcohols, amines, and phosphines. For example, adding 
N,N,N',N'-tetramethylethylene-1,2-diamine (TMEDA) to the nanocrystals displaces a carboxyl 
fragment with a sharp vinyl resonance in the 
1
H NMR spectrum that shifts up-field and increases 
in intensity if additional TMEDA is added (Figure 1). While in principle this result can be 
explained by simple displacement of the X-type carboxylate ligands, this would require that the 
anionic charge of the carboxylate is seperated from the positively-charged surface-bound metal 
cation. In actuality, this “free” carboxyl fragment is derived from a TMEDA-bound Cd(O2CR)2 
complex displaced from the surface of CdSe-Cd(O2CR)2. A similar reaction pathway has been  
 
Figure 1. (A) Vinyl region of the 
1
H NMR spectrum of CdSe-Cd(O2CR)2 shows 
displacement of Cd(O2CR)2 on treatment with increasing concentrations of TMEDA. 
(B) 
1
H NMR spectrum of purified CdSe-Cd(O2CR)2 with chemical shift assignments.  
(*) Sharp signal at δ = 4.1 ppm is ferrocene standard used to measure oleyl concentration 
(see the Experimental section). Changes to the chemical shifts of both free and bound 
signals at high concentration of TMEDA may be due to a change in the dielectric of the 
solvent medium. The final 2 M concentration is 20% by volume TMEDA. Similarly, as 
an increasing amount of Cd(O2CR)2 is removed from the nanocrystal the density of 
aliphatic ligands changes, as does their local dielectric medium. 
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previously suggested to explain the displacement of surfactant ligands with hydrazine, 
diamines,
51
 phosphines, and primary amines
52
 but never explicitely demonstrated. 
4.2.2 Isolation and Characterization of L-Cd(O2CR)2  
 To confirm the displacement of Cd(O2CR)2, TMEDA-treated CdSe-Cd(O2CR)2 were 
precipitated with methyl acetate and the supernatant analyzed (see experimental section). Upon 
drying under vacuum, a nearly colorless oil was obtained that showed sharp 
1
H NMR signals 
from aliphatic and vinylic hydrogens characteristic of carboxyl fragments as well as  
cadmium-bound TMEDA ligands which are shifted slightly up-field from the frequencies of free 
TMEDA (~ 2:1 carboxyl:TMEDA). In addition, a broad feature of low intensity is visible at  
= 9.3 ppm that we assign to the acidic hydrogen of a carboxylic acid present in lower 





 formed during chlorination of CdSe-Cd(O2CR)2. A strong asymmetric 
stretching band from the cadmium-bound carboxylate (νasym(O2CR) = 1560 cm
-1
) is visible in the 
FT-IR spectrum, which matches an independently prepared sample of (2-TMEDA)Cd(O2CR)2 
and is readily distinguished from the signals of oleic acid mixed with TMEDA  
(νasym(HO2CR) = 1720 cm
-1
) (Figure 3).  
 To provide further support for Cd(O2CR)2 removal, we studied Cd(O2CR)2 displacement 




H} NMR spectroscopy. Much like 
TMEDA, adding Bu3P to the nanocrystals causes new carboxyl resonances to appear in the  
1
H NMR spectrum including one in the vinyl region that shifts up-field, sharpens, and increases 
in intensity when additional Bu3P is added (see Appendix II). A Bu3P complex of Cd(O2CR)2 













H NMR spectrum of (κ
2
-TMEDA)Cd(O2CR)2 isolated from CdSe-Cd(O2CR)2 
after exposure to TMEDA (Top). Integration shows a 2:1 ratio of carboxylate and 
TMEDA in the isolated sample. Broad resonance at δ = 10.4 ppm is magnified 20x and 
corresponds to protonated TMEDA (corresponding to 8% of total carboxyls), formed by 
the reaction of TMEDA and carboxylic acid. The spectrum matches an independently 
prepared 1:1 mixture of cadmium oleate and TMEDA (bottom), with the exception of the 
acidic hydrogen visible at δ = 10.4 ppm. 
 
including a diagnostic 
31
P NMR signal that matched an independently prepared sample of  
2:1 carboxylate per phosphine (Figure 4 and Figure 5). X-ray photoelectron spectroscopy of the 
isolated byproduct shows signals expected for (Bu3P)Cd(O2CR)2 with no detectable signals in 








Figure 3. FT-IR spectra of (κ
2
-TMEDA)Cd(O2CR)2 (R = oleyl, tetradecyl) isolated from 
CdSe-Cd(O2CR)2 after exposure to TMEDA (blue, bottom); an independently prepared 
mixture of oleic acid and TMEDA (green, top), and an independently prepared mixture of 
cadmium oleate and TMEDA (red, middle). 
 
4.2.3 Generality of Z-type Displacement Reactivity 
 To investigate the L-type promoted Z-type ligand displacement in other metal 
chalcogenide nanocrystal materials, a solution of zinc blende CdS nanocrystals with 
tetradecanoate ligands (CdS-Cd(O2CR)2, R = C13H27) was mixed with TMEDA. Rapid 
displacement of (2-TMEDA)Cd(O2CR)2 (R = C13H27) was observed by 
1
H NMR spectroscopy 
(Figure 8). TMEDA also displaces a (2-TMEDA)Pb(O2CR)2 (R = oleyl (C17H33)) complex from 
oleate-terminated lead sulfide (PbS-Pb(O2CR)2, R = C17H33) and lead selenide nanocrystals 
(PbSe-Pb(O2CR)2, R = C17H33) without etching the nanocrystal cores, a result that was 
confirmed by comparing 
1
H NMR, FT-IR, and electron-dispersive X-ray spectra of the soluble 
byproduct with those of an independently synthesized sample of lead oleate (Figures 9 and 10). 
In situ 
1








H} (top) and 
1
H (bottom) NMR spectra of (Bu3P)Cd(O2CR)2 (R = oleyl 
and tridecyl) isolated from CdSe-Cd(O2CR)2. The broad resonance at δ = 13.7 ppm has 
been magnified 20× and corresponds to an acid impurity ( 8%). Top inset shows the  
31
P chemical shift is downfield from the signal of free Bu3P (δ = −17 versus −31 ppm). 
Furthermore, the resonance shifts further downfield as the concentration increases, 
perhaps as a result of the presence of cadmium complexes with multiple phosphine 
ligands in rapid exchange. Both the ratio of phosphine and carboxylate signals in the  
1
H NMR spectrum and the chemical shift of an authentic sample (Figure 5) indicate the 








H} NMR reference spectra of a 1:1 mixture of Bu3P and cadmium 
oleate for comparison with Figure 4. The 
31
P chemical shift is downfield from the signal 
of free  Bu3P (δ = -12 versus -31ppm). Furthermore, the resonance shifts further 
downfield as the concentration increses, perhaps due to the presence of rapidly  




Figure 6. FT-IR spectra of (Bu3P)Cd(O2CR)2 (R = oleyl and tridecyl) isolated from 
CdSe-Cd(O2CR)2 after exposure to Bu3P (blue, bottom); an independently prepared 
cadmium oleate plus Bu3P (red, middle); a mixture of oleic acid and Bu3P (green, top). A 
small concentration of carboxylic acid 1720 cm
–1
 is present in the 
(Bu3P)Cd(O2CR)2 isolated from nanocrystals (see below).  
 
 
Figure 7. (A) Cadmium (3d) XPS spectrum of isolated (Bu3P)Cd(O2CR)2. (B) XPS 
spectrum of (Bu3P)Cd(O2CR)2 from the binding energy region characteristic of selenium 







H NMR spectrum of isolated CdS-Cd(O2CR)2 (top, blue) treated with 2.0 M 
TMEDA in benzene-d6 (bottom, red). See experimental section for preparation of  
CdS-Cd(O2CR)2. Sharp peaks appear corresponding to the tetradecyl fragment of   
(κ
2
-TMEDA)Cd(O2CR)2 displaced from the surface of the nanocrystal. Changes to the 
chemical shifts of both free and bound signals at high concentration of TMEDA added 
may be due to a change in the dielectric of the solvent medium.  The final 2M 
concentration  is ~20% by volume TMEDA. Similarly, as an increasing amount of 
Cd(O2CR)2 is removed from the nanocrystal the density of aliphatic ligands changes as 
does their local dielectric medium. 
 
showed a similar appearance of free oleyl chains as observed for CdSe-Cd(O2CR)2. However, 
TMEDA proved to be less effective for displacing M(O2CR)2 from PbS-Pb(O2CR)2 and  
PbSe-Pb(O2CR)2 than from CdSe-Cd(O2CR)2, a property that likely derives from the partially 
occupied valence shell of the Pb2+ ion (Figure 11). 
 Having established that the removal of M(O2CR)2 using TMEDA is general for several 
classes of metal chalcogenide nanocrystals, we returned 
1
H NMR spectroscopy of  
CdSe-Cd(O2CR)2 to measure the relative Z-type displacement potencies of different L-type 
ligands in situ (Scheme 2, also see Appendix II). Among those studied, primary amines and 
TMEDA displace the greatest proportion of Cd(O2CR)2 (95 ± 10%, 2.0 M), while pyridine and 





Figure 9. Left: 
1
H NMR spectrum of (κ
2
-TMEDA)Pb(O2CR)2 isolated from  
PbS-Cd(O2CR)2. All peaks correspond to an independently prepared mixture of lead 
oleate and TMEDA. Integration of the resonances from the oleyl chain and TMEDA 
supports a 3:2 ratio of carboxylate to TMEDA. Right: FT-IR spectra of  
(κ
2
-TMEDA)Pb(O2CR)2 (R = oleyl) isolated from PbS-Cd(O2CR)2 (blue, bottom), a 
mixture of oleic acid and TMEDA (green, top), and an independently prepared sample of 
(κ
2
-TMEDA)Pb(O2CR)2 (red, middle).  
 
 
Figure 10. Energy dispersive x-ray (EDX) spectroscopy of (κ
2
-TMEDA)Pb(O2CR)2  
(R = oleyl) isolated from PbS-Cd(O2CR)2. The table shows the elemental composition 
calculated by peak fitting the EDX spectrum. The sample contains lead and oxygen but 










H NMR spectra of PbSe-Cd(O2CR)2 (top set, 0.02 M in carboxylate) and 
PbS-Cd(O2CR)2 (bottom set) dissolved in benzene-d6 in the presence of four 
concentrations of TMEDA (0.00 M (purple, top spectrum), 0.02 M (blue), 0.2 M (green), 
and 2.0 M (red, bottom spectrum)). Appearance of sharp vinyl peak corresponds to 
displacement of (κ
2
-TMEDA)Pb(O2CR)2. Sharp resonance at δ = 4 ppm is from the 
ferrocene internal standard. Changes to the chemical shifts of both free and bound signals 
at high concentration of TMEDA added may be due to a change in the dielectric of the 
solvent medium.  The final 2M concentration  is ~20% /volume TMEDA. Similarly, as 
an increasing amount of Pb(O2CR)2 is removed from the nanocrystal the density of 







H NMR spectra of CdSe-Cd(O2CR)2 dissolved in methylene chloride-d2 
(red) and methylene chloride-d2 with 2.0 M pyridine added (blue). The chemical shifts of 
Cd(O2CR)2 bound to the nanocrystal and the pyridine-Cd(O2CR)2 complex have similar 
chemical shifts in methylene chloride-d2, however sharp peaks for the methylene groups 
adjacent to the double bond of oleate are distinguishable enough to be integrated versus 
ferrocene. The percent of Cd(O2CR)2 removed by pyridine in methylene chloride (34%) 
is similar to the percent removed in benzene (40%). Z-type displacement does not depend 
heavily of the dielectric of the solvent. 
 
Figure 13. FT-IR spectra of (CH3OH)n•Cd(O2CR)2 (R = oleyl, tetradecyl) isolated from 
CdSe-Cd(O2CR)2 after exposure to methanol (blue, bottom), oleic acid (green, top), and 
an independently prepared sample of cadmium tetradecanoate (red, middle). The broad 
band from 3000 - 3800 cm
-1
 in the isolated sample of Cd(O2CR)2 corresponds to the 
hydroxyl stretch of residual methanol. 
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nanocrystal purification, such as acetone, methyl acetate, and acetonitrile, do not displace 
significant amounts of L–Cd(O2CR)2, while high concentrations (2.0 M) of primary alcohols 
displace ~10% of the starting Cd(O2CR)2. This difference is not the result of a change in solvent 
dielectric; displacement with pyridine occurs to the same extent in methylene chloride-d2  
(Figure 12). Related studies
3
 on the reaction of CdSe nanocrystals with methanol propose that 
carboxylate ligands are displaced by proton-mediated, X-type ligand exchange, leaving a 




H NMR and FT-IR spectroscopies 
were used to unambiguously characterize 80 mg of nearly colorless (CH3OH)nCd(O2CR)2 upon 
precipitation of 1.86 g of CdSe-Cd(O2CR)2 (10% yield of total Cd(O2CR)2) with pure methanol 
(Figure 13). 
 4.2.4 Steric and Electronic Effects 
Scheme 2. Relative Displacement Potency Labeled with the Percentage of  
L-Cd(O2CR)2 Displaced in a 2.0 M Solution of the of L-Type Ligand 
 
 The relative potency of the Lewis bases shown in Scheme 2 illustrates several features of 
the Z-type displacement reaction. First, electronic effects are important as Bu3P is more effective 
than tri-n-butylamine (Bu3N), and primary amines are more effective than primary alcohols, 
presumably because they are more polarizable and electron rich, respectively, making them a  
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better match for the soft, Lewis acidic cadmium ion. This effect was also seen in the L-type 
ligand binding affinity series in Chapter III. Second, chelation plays an important role, making 
TMEDA among the most effective displacement reagents while N,N-dimethyl-n-butylamine 
(Me2NBu) is among the weakest. Chelation also explains why TMEDA is significantly more 
potent than N,N,N',N'-tetramethylbutylene-1,4-diamine (TMBDA), a result that is expected from 
the relative stability of the five membered ring formed in (2-TMEDA)Cd(O2CR)2 compared 
with the analogous seven membered ring in (2-TMBDA)Cd(O2CR)2.
58
 Finally, the steric profile 
of the incoming ligand has a significant impact on its displacement potency. Steric effects 
explain the large differences between Bu3N, Me2NBu, and n-butylamine, given their similar 
pKbs.
59
 Likewise, the relatively small steric profile of pyridine enables Cd(O2CR)2 removal, the 
potency of which is otherwise difficult to explain given its weaker basicity and hard/soft match 
with the cadmium center.  
The sensitivity to sterics is intriguing and implies that displacement of Cd(O2CR)2 may 
be promoted by cooperative binding of the L-type ligand to the nanocrystal surface where steric 
effects are known to strongly influence binding affinity, as was seen in the L-type ligand binding 
affinity series from Chapter III.
8,16
 In the case of primary amines, displacement is accompanied 
by binding of the L-type ligand to the surface of the nanocrystal, dramatically increasing the 
PLQY (by passivating electron traps, see discussion below) and maintaining the nanocrystals 
solubility even after > 90% of the Cd(O2CR)2 has been displaced. On the other hand, displacing a 
similar amount of Cd(O2CR)2 using TMEDA causes precipitation. Presumably any bound 
TMEDA does not provide enough steric repulsion to maintain the solubility, consistent with the 
L-type ligand study, where exchanging the Bu3P in CdSe-CdCl2/Bu3P for Et3P or Me3P also 
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caused precipitation (Chapter III). On the basis of these observations, we conclude that the 
displacement reaction can be a cooperative process in cases where the added ligand binds both 
the nanocrystal surface and the displaced Cd(O2CR)2. In particular, ligands with a small steric 
profile, like pyridine and n-alkylamines, may drive the displacement equilibrium by binding the 
nanocrystal. 
4.2.5 Displacement Kinetics  
 
Figure 14. (A) Temporal evolution of (κ
2
-TMEDA)Cd(O2CR)2 displacement as 
measured by 
1
H NMR spectroscopy at several concentrations of added TMEDA in 
benzene-d6. (B) 
1
H NMR spectra of the vinyl region after 200 min of reaction. Colors 
correspond to 0.02 M (blue, diamonds), 0.21 M (red, squares), and 1.65 M  
(green, triangles) TMEDA solutions. Error bars reflect 10% error in the integration of 
1
H 
NMR spectra (see the Experimental section). 
 
 Having shown that a variety of ligands displace L–Cd(O2CR)2 from CdSe-Cd(O2CR)2, 
we investigated the kinetics of the displacement reaction. In situ 
1
H NMR measurements indicate 
that displacement is nearly complete (> 90%) within a few minutes of mixing TMEDA with 
nanocrystals in benzene-d6. The initially rapid displacement is followed by a slower reaction that 
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liberates a much smaller portion of (2-TMEDA)Cd(O2CR)2, however, the total change observed 
after the rapid initial reaction is small and near the estimated uncertainty of the NMR 
measurement (Figure 14). Surprisingly, the reaction rapidly reaches equilibrium, even under 
conditions where the majority of surface cadmium atoms are displaced. The fast kinetics indicate 
that the coverage of Z-type ligands is very sensitive to the presence of Lewis bases and is easily 
altered. Furthermore, these observations indicate that the relative extent of displacement shown 
in Scheme 2 reflects an equilibrium condition rather than differences in reaction rate. In support 
of this conclusion, we analyzed a mixture of pyridine and nanocrystals before and after heating 
to 100 °C for 6 hours and found no measurable change to the final ratio of bound and free 
Cd(O2CR)2 (Figure 15). 
 
Figure 15. Temperature dependence of Z-type displacement with pyridine. 
1
H NMR 
shows no decrease in the coverage of Cd(O2CR)2 after heating CdSe-Cd(O2CR)2 in a  
2.0 M solution of pyridine and toluene-d8 to 100° C for 1 (red) to 5 hours (blue). 
Increasing the length of heating time does not influence the coverage of Cd(O2CR)2 




4.2.6 Reversibility of Displacement  
 The concentration dependence of the Cd(O2CR)2 coverage and the rapid displacement 
kinetics suggest that rebinding may be equally facile. To investigate the reversibility of 
displacement, a solution of unaggregated, TMEDA-treated CdSe-Cd(O2CR)2 with a low surface 
Cd(O2CR)2 coverage (0.6 carboxylates nm
-2
) was stirred with anhydrous cadmium oleate at room 
temperature in toluene (see experimental section). After separating free Cd(O2CR)2 by repeated 
precipitation of the nanocrystals with methyl acetate, the carboxylate coverage had increased to 
2.1 nm
-2
, roughly 60% of the coverage prior to displacement with TMEDA (Figure 16).  
Similar results were obtained with CdS-Cd(O2CR)2 (see below). The partial rebinding at room 
temperature may result from slow organization of carboxylate ligands at high coverages or a 
slow surface reconstruction that must be reversed prior to rebinding. We hypothesized that using 
cadmium eliadate rather than oleate may enhanced the rebinding coverage.  
Cleavage of carboxylate ligands using Me3Si-Cl shows that the majority of the cis double bonds 
in the alkyl chains have been converted to trans double bonds during the nanocrystal reaction, 
therefore the major cadmium carboxylate species at the nanocrystal surface is cadmium eliadate.
8
 









H NMR spectra of CdSe-Cd(O2CR)2 after isolation (top, black), after partial 
displacement of the ligand shell by TMEDA and isolation (middle, red), and after 
Cd(O2CR)2 rebinding and isolation (bottom, blue). The left side shows an inset of the 
vinyl region normalized to the same intensity, and right side shows full 
1
H NMR spectra 
normalized to the ferrocene standard. Ligand coverages are shown in both carboxylate 
and Cd(O2CR)2 per NC. Sharp resonance at δ = 4 ppm is from the ferrocene internal 
standard. 
 
  Complete recovery of the original surface ligand density (3.1 nm
-2
) could be achieved, 
however, by heating the nanocrystals to 240° C under nitrogen in the presence of cadmium 
eliadate and oleic acid. At 240° C, both eliadate and oleate readily isomerize, so the nature of the 
vinyl group is not significant in these experiments. Under acidic conditions, the nanocrystals 
grow slightly (d = 3.6 to 3.8 nm) as measured by the small red-shift in their UV-visible 
absorption spectrum (7 nm), which we attribute to Ostwald ripening given that no selenium 
precursor was added (Figure 17). While the temperature dependence of binding deserves further 
study (see below), the reversibility implies that surface-bound cadmium ions are in equilibrium 




 While nanocrystals with ligand coverages of ~3 carboxylates nm
–2
 were chosen for this 
study on the basis of a 
1
H NMR spectrum that lacked the sharp signals from free carboxyl 
fragments, a number of observations suggest that higher coverages are possible. First, the density 
of atoms on common facets of zinc blend CdSe nanocrystals is greater than 3 nm
–2
  
(CdSe {111} = 6.2 atoms nm
–2
 and {100} = 5.4 atoms nm
–2
). Assuming that a maximum of one 
excess cadmium can bind each surface selenium atom of a cube-octahedral nanocrystal with 
equal area {111} and {100} facets, cadmium coverages of 2.9 nm
-2
 and thus carboxylate 
coverages of 5.8 nm
-2
 are in principle possible. However, steric interactions between carboxylate 
ligands will prevent coverages from exceeding the density of crystalline alkane chains  
(4.9 chains nm
–2
) on any given facet.
60
 As a result, chain packing effects will prevent the 
coverage from reaching the upper limits defined by the underlying atomic surface density, and 
stable structures with a purely n-alkylcarboxylate ligand shell may never fully passivate a zinc 
blende CdSe nanocrystal. Second, PLQY is known to drop during isolation of nanocrystals from 
crude synthesis mixtures, a behavior that may derive from a change in the Cd2+ 
coverage.
13,32,61,62
 Typically, an excess of unconverted M(O2CR)2 remains after nanocrystal 
syntheses, and its separation will reduce the solution concentration of M(O2CR)2 and can thereby 
change the coverage of Z-type ligands.
11,13,63
 A similar decrease in PLQY was noted in this 
study, where CdSe-Cd(O2CR)2 has a  ~20% PLQY prior to precipitation with methyl acetate, 
and drops to ~10% as the coverage approaches 3 carboxylates nm
-2
. Both observations suggest 
that the ligand coverage obtained after isolation may be lower than that in the crude reaction 






Figure 17. Absorption (red, solid) and photoluminescence (blue, dashed) spectra of 
CdSe-Cd(O2CR)2  (A–C) and CdS-Cd(O2CR)2  (D–F). CdSe-Cd(O2CR)2: purified 
after synthesis (A), isolated after treatment with TMEDA (B), and after rebinding 
Cd(O2CR)2 at room temperature (C). Gray spectra in box C show absorption (solid) and 
photoluminescence (dashed) after heating at 240 °C for 1 h with added Cd(O2CR)2 and 
oleic acid. CdS-Cd(O2CR)2: as synthesized, before purification (D), isolated after 
treatment with TMEDA (E), and after Cd(O2CR)2 rebinding at room temperature (F). 
 
4.2.7 Z-type Ligand Coverage and Optical Properties 
 Changes to Z-type ligand coverage caused by exposure to Lewis bases helps explain the 
sensitivity of nanocrystal PLQY to the solution environment. Ligation is known to influence 
surface derived mid-gap electronic states, and thus it is not surprising that changes to the 
coverage of Cd(O2CR)2 influence the PLQY.
16,20,41,46,64-70
 Previous studies have found that 
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cadmium and zinc ions significantly improve PLQY and reduce photocharging when bound to 
nanocrystal surfaces.
4,22,37-47,71,72
 Presumably these metal ions act as Z-type ligands, passivating 
mid gap states by binding surface Se sites and thereby preventing hole trapping.
20,21
 With the 
exception of displacement reactions with primary n-alkylamines, removing Cd(O2CR)2 in this 
study decreases PLQY with the greatest change being caused by dissolution of nanocrystals in 
neat TMEDA (PLQY < 0.1%). Plotting the PLQY versus Cd(O2CR)2 coverage for isolated 
samples of CdSe-Cd(O2CR)2 as well as samples measured in situ shows a strong super-linear 
correlation (Figure 18). PLQY is very sensitive to coverage above 2.5 carboxylates nm
-2
, while 
samples with lower coverages are weakly photoluminescent. Samples exposed to primary 
amines, however, display significantly increased PLQY despite removing the greatest proportion 
of Cd(O2CR)2. The increase is related to the high coverage of L-type amine ligands rather than 
an effect derived from the low Z-type ligand;
16,54,73
 the PLQY of isolated nanocrystals with low 
Cd(O2CR)2 coverage is greatest at higher amine concentrations.  Thus PLQY depends on the 
presence of both L-type donor ligands and Z-type accepter ligands. 
 In addition to changing the PLQY, decreasing the Cd(O2CR)2 coverage to  
0.6 carboxylates nm
-2
 causes a slight red-shift (1 nm) in the wavelength of the lowest energy 
absorption, an effect that might be explained by a change in the local dielectric, or a change in 
the confining potential caused by the surface MX2 layer (Figure 17).
66
 While this red-shift could 
be attributed to nanocrystal aggregation, dynamic light scattering and transmission electron 
microscopy measurements show that the nanocrystals do not significantly aggregate upon 
reducing the carboxylate coverage to 0.6 carboxylates nm
-2
 (Figures 19 and 20). As a result, the 
insensitivity of the lowest energy absorption is surprising given that ~85% of the surface Cd
2+
 in 
this sample has been displaced, a ~10% reduction in the total number of cadmium ions in the 
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nanocrystal. When calculating the volume change using the ionic radii of Cd2+ (109 pm) and  
Se2- (184 pm) and the void space of the unit cell,
74
 this change in cadmium corresponds to a  
3% decrease in volume and can be expected to produce a 4 nm blue-shift at this size.
75
 Similar 
effects were observed in spectra of CdSe-Cd(O2CR)2 across a range of sizes from  
d = 3.3-3.7 nm where slightly larger red shifts are observed for smaller sizes (Figure 21). While 
the lowest energy absorption is not altered with a decrease in the cadmium ion coverage, higher  
 
 
Figure 18. Dependence of photoluminescence quantum yield on carboxylate coverage. 
Empty red shapes taken from in situ measurements using the neutral donors shown in 
Scheme 2. L-type ligands were added to a stock solution of CdSe-Cd(O2CR)2  
(0.02 M in 
–
O2CR) to a total concentration of 0.02 M (squares), 0.2 M (diamonds), and 
2.0 M (triangles) (see Experimental Section). Solid circles correspond to samples in 
which the coverage was measured after isolation following displacement (blue) or 
rebinding (green) of Cd(O2CR)2.  
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energy transitions are significantly influenced. Removal of Cd(O2CR)2 from CdSe-Cd(O2CR)2 
or CdS-Cd(O2CR)2 quenches the band-edge PLQY and decreases the apparent intensity of the 
1Se-2S3/2h absorption (Figure 17). The narrow absorption features of CdS-Cd(O2CR)2 clearly 
show the apparent intensity of the 1Se-2S3/2h absorption is reduced by broadening rather than a 
change in extinction (Figure 22).  
Few studies document changes to higher energy absorption features like those visible in 
Figures 17 and 21. Recently Cao and coworkers concluded that displacement of carboxylate 
ligands by amines can influence the difference between the 1S3/2h and 2S3/2h hole states leading to 
a change in splitting between the first and second absorption features.
76
 Although similar effects 
may influence the spectra in Figure 17 and the absorption spectrum of CdSe-CdCl2/Bu3P 
(Chapter II), significant broadening of the 1Se-2S3/2h absorption and/or a change in its extinction 
are also evident and not readily explained by confinement effects alone. To explain these results, 
we hypothesize that coordinative unsaturation results in a surface reconstruction and/or new 
electronic states that become resonant with the 2S3/2h level. These effects could cause a decrease 
in the extinction or lead to lifetime broadening of the 1Se-2S3/2h transition. 
Density functional theory calculations have shown that binding of ligands to nanocrystal 
surfaces prevents their reconstruction, and those without ligands are significantly distorted from 
the usual tetrahedral configuration.
77
 Tretiak and coworkers studied the binding of amines and 
phosphines to CdSe clusters and found that phosphine-bound clusters have localized surface 
states near the band edge.
78
 Calculated absorbance spectra also show differences in the higher 




Figure 19. Transmission Electron Micrographs of CdSe-Cd(O2CR)2 with  
3.3 carboxylates nm
-2
 (left column, A,C,E) and 0.6 carboxylates nm
-2 
(right column, 
B,D,F) at increasing magnification from top to bottom. Nanocrystal size and distance 
between nanocrystals does not change significantly as the ligand coverage is decreased, 





Figure 20. Dynamic light scattering histogram for CdSe-Cd(O2CR)2 with  
0.6 carboxylates nm
-2
 showing no aggregation at this ligand coverage. 
 
 
Figure 21. Changes to the absorbance spectrum of CdSe-Cd(O2CR)2 as a function of 
nanocrystal size. Nanocrystals of diameter d = 3.3 (red), 3.5 (blue), and 3.7 (green) with 
high (solid) and low (dotted) coverages of Cd(O2CR)2. No significant changes as a 
function of nanocrystal size are notable, i.e. the changes to the optical properties on 





Figure 22. Top: Absorption spectra (dotted lines) for CdS-Cd(O2CR)2 normalized at the 
first transition and fit between 348 nm and 396 nm with two Gaussians (solid lines). 
Upon addition of TMEDA and removal of Cd(O2CR)2, the full-width half-maximum 
(FWHM) of the 1Se-2S3/2h transition increases from 0.18 eV to 0.27 eV. Rebinding of 
cadmium oleate causes the 1Se-2S3/2h transition to narrow to the original FWHM of 0.18 
eV. Bottom: Difference between the absorption spectra for as-synthesized  
CdS-Cd(O2CR)2  (black) and isolated with TMEDA (orange). Curve is characteristic of 
a broadening 1Se-2S3/2h transition. Integration of the normalized spectra in Figure 17 also 
indicates that the 1Se-2S3/2h transition is broadening, as the total integral does not change 
with surface coverage. 
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reconstruction under low ligand coverage has been suggested as a possible mechanism for the 
observed changes to higher energy electronic transitions.
79
 This proposal has also been suggested 
by Dzhagan et al. who report a correlation between the 1Se-1S3/2h absorption and changes to the 
nanocrystals' Raman spectrum that they attribute to a surface reconstruction.
80
 Although the link 
between surface reconstruction and the changes in the optical properties in the nanocrystals 
described here is in need of additional study, the low ligand coverages measured for  
CdSe-CdCl2/Bu3P and CdSe-Cd(O2CR)2 treated with TMEDA may result in surface 
reconstruction that could affect the optical properties of these materials.  
 Changes to the nanocrystal absorbance and PLQY are reversed upon rebinding 
Cd(O2CR)2 at room temperature indicating that they are directly related to the coverage of Z-type 
ligands (Figure 17). While the absorbance and luminescence changes are only partially reversed 
upon stirring the nanocrystals with Cd(O2CR)2 at room temperature, they are completely 
reversed upon recovering the original surface ligand density at higher temperature  
(Figures 17C and 18). Interestingly, similar changes are observed if nanocrystals with low 
carboxylate coverages are stirred with CdCl2 rather than Cd(O2CR)2 (Figure 23) This result 
supports the proposal that CdCl2 is a Z-type ligand for CdSe-CdCl2/Bu3P, and explains the low 
PLQY of these chloride-terminated samples, as CdCl2 is displaced from the nanocrystal surface 
in the presence of Bu3P.
8
 Together these observations support a general relationship between the 
coverage of cadmium ions and trap state passivation, as well as the optical spectrum of the 
nanocrystal. They are most easily rationalized using the neutral fragment, stoichiometric core 
model of a metal chalcogenide nanocrystal, where the apparent non-stoichiometry of  
CdSe-Cd(O2CR)2 and CdSe-CdCl2/Bu3P is due to Z-type Cd(O2CR)2 and CdCl2, respectively, 








Figure 23. A. Changes to the photoluminescence spectrum of CdSe-Cd(O2CR)2 isolated 





) on adding cadmium complexes Cd(O2CR)2 (orange, dashed,  
PLQY = 9.2%) and CdCl2 (blue, solid, PLQY = 9.7%). Photoluminescence is normalized 
by quantum yield. Addition of CdX2 to isolated CdSe-Cd(O2CR)2 samples increases 
PLQY by ~25%. B. Changes to the photoluminescence spectrum of CdSe-Cd(O2CR)2 
isolated by precipitation from a 0.5 M solution of Bu3P in pentane using methyl acetate 




) on addition of Cd(O2CR)2 (black, dashed, 
PLQY = 1%) and CdCl2 (green, solid, PLQY = 1%). PLQY increase an order of 
magnitude on addition of CdX2. All spectra are normalized by PLQY and multiplied 10x 
compared with panel A. C. UV-visible absorption spectra of CdSe-Cd(O2CR)2 isolated 





CdSe-Cd(O2CR)2 isolated by precipitation from a 0.5 M solution of Bu3P in pentane 




) with added Cd(O2CR)2 
(black, dashed, bottom-middle) and CdCl2 (green, solid, bottom). Removal of Cd(O2CR)2 
using Bu3P causes the apparent intensity of the 1Se-2S3/2h transition to decrease, but it is 
partially recovered on saturation with CdX2. Some scattering is visible at longer 





4.2.8 Perspective  
 Several recent studies have investigated the influence of excess metal ions on mid-gap 
electronic states and doping. While we have shown that Cd
2+
 bound by X-type carboxylate 
ligands passivate surfaces, the oxidation state of the surface-bound metal ion will influence 
whether metal enrichment passivates charge trap states or contributes new mid-gap states. For 
example, the electron concentration in lead chalcogenide nanocrystal thin films can be increased 




 Similarly, computational studies show that 
adsorption of Pb
0
 atoms to nanocrystal surfaces adds filled electronic states within the band gap 
resulting in metallic-like behavior.
23
 In the same study, these mid-gap states are removed when 
the surface lead atoms are converted to Pb
2+
 and balanced by X-type ligands. Thus the metal-rich 




Electron-accepting Z-type ligands bind the filled, chalcogen-derived states of surface 
atoms the stoichiometric nanocrystal core, thus lowering them into the valence band. However, 
ideal passivation schemes should manage both filled and empty mid-gap states. Filled, 
chalcogen-derived states as well as empty, metal-derived states can lead to mid-gap levels, and 
passivation of these empty levels by a high coverage of amine donors can also increase PLQY. 
The benefits of this approach have been demonstrated in PbS nanocrystal photovoltaic cells with 
record-breaking efficiencies.
7,22,82,83
 Identifying surface passivating schemes that bind both metal 
and chalcogen sites is therefore an important avenue of research. 
A detailed understanding of metal ion binding affinities is needed to better understand 
and control these materials. While the metal-enrichment of cadmium and lead chalcogenide 
188 
 
nanocrystals has been shown to increase with decreasing nanocrystal diameter according to the 
ratio of its surface area and volume,
9-11
 we have shown that nanocrystals have a wide range of 
surface metal coverages. The stoichiometry obtained is sensitive to the reagents and 
concentrations used to separate nanocrystals from unreacted M(O2CR)2 precursors, as these 
precursors serve as Z-type ligands. Nanocrystal stoichiometries are therefore not fixed for a 
given size and depend on the isolation method. In the present study, NMR spectroscopy was 
used as a guide to monitor bound and free M(O2CR)2 during precipitation, leading to surface 
coverages of ~3 carboxylates nm
-2
. However, a wider range of stoichiometries can be obtained 
by altering the isolation method, including changing the solvents, concentrations used, and the 
number of precipitation cycles.
3,13,84
 The number of both Z-type and L-type ligands can vary for 
a given nanocrystal core. In this sense, nanocrystals are not molecular; they do not have a single 
formula and nanocrystal purity is an indefinite concept. 
The method of synthesis can also influence the final stoichiometry.
11
 For example, 
terminating a synthesis to obtain a desired size will influence the ratio of unconverted metal 
carboxylate and nanocrystals in the crude product.
32,85
 As a consequence, the stoichiometry of 
the isolated product may not reflect the true size-dependence of the MX2 binding, but instead the 
extent of precursor conversion and the effects of the isolation steps. Given the importance of 
stoichiometry to passivation, it is crucial that new synthetic methods precisely and systematically 
control stoichiometry in addition to optimizing a desired nanocrystal size and yield.  
The effects of added Lewis bases on nanocrystal Z-type ligand coverage and 
stoichiometry are also relevant to any post-synthesis modifications like exchange of native 
surfactant ligands. Many previous investigations of ligand exchange utilize photoluminescence 
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intensity to monitor the extent of reaction, unaware that stoichiometry may also change.
16,65,70,86-
89
 Some of these studies report conflicting results including the observation that primary amines 
can both increase and decrease PLQY. Similarly, PLQY has been used to measure the 
concentration-dependence of L-type ligand binding. From these data relative ligand binding 
constants were estimated, though only by assuming that coverage and PLQY are proportional. 
However, other studies point out that PLQY and ligation have a nonlinear relationship, where the 
binding of even a single octanethiol molecule can quench the luminescence by at least 50%.
69
 
Our direct correlation of PLQY and Cd(O2CR)2 surface coverage demonstrates that there is a 
threshold of 1.0 Cd(O2CR)2 nm
-2
 below which the PLQY is ≤ 1% and above which PLQY 
rapidly increases. Hence, PLQY and ligation are not simply related, both because of their 
nonlinear interdependence but also because addition of L-type ligands can displace Z-type  
(or vice versa).  
 Stoichiometry is also important to the optoelectronic properties of nanocrystal thin films 
and methods must be designed that remove organic ligands while monitoring stoichiometry 
during film deposition. Traditional approaches to fabricate conductive nanocrystal films displace 







 and alkane diamines,
44,51,83,94,100,101,105,114-121
 and are therefore likely to significantly reduce the 
metal-enrichment. Chelating alkane diamines have been used to displace native ligands and link 
nanocrystals, resulting in films where the inter-nanocrystal spacing depends on the diamine chain 
length.
44,51,94,100,101,115-117,120,121
 Our results show the M(O2CR)2 displacement efficiency depends 
on the diamine chain length because chelation stabilizes the displaced metal complex. The  
inter-nanocrystal distance measured in those studies may result, at least in part, from the relative 
displacement potency of the diamine. Indeed some of these studies report changes to the 
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absorption and photoluminescence spectra, such as quenching of the PLQY and changes to the 
1Se-2S3/2h absorption, similar to those described above.
51,101,122
  
 Recent approaches to thin film fabrication that utilize thiocyanate, sulfide, halide, and 
metal-chalcogenide salts can, in principle, exchange X-type ligands without altering 
stoichiometry.
4,7,22,46,82,83,123-125
 However, the affinity of the new surface MX2 complexes for the 
nanocrystal likely depends on the nature of both the cation and the anion, and therefore the 
resulting MX2 complex may be more weakly bound than the starting metal-surfactant layer. In 
the case of chloride exchange, CdCl2 appears to be a weaker Z-type ligand for the nanocrystal 
core than Cd(O2CR)2,
8
 perhaps because the carboxylate binds in a bidentate fashion.
126
 In a 
separate study, we also found that exchanging Bu3P for primary amines causes precipitation of 
an amine complex of CdCl2, and a further reduction in the Z-type CdCl2 coverage from  
CdSe-CdCl2/Bu3P to CdSe-CdCl2/RNH2.
127
 The difference in CdCl2 coverage causes a drastic 
change in annealed film morphology. CdSe-CdCl2/Bu3P grew into large domains at much lower 
temperatures than CdSe-CdCl2/RNH2, presumably because CdCl2 acts as a grain-growth 
agent.
128-133
 These results further demonstrate the importance of controlling ligand coverage and 
thus the stoichiometry of metal chalcogenide nanocrystals. 
4.2.9 Summary 
 The lability of the Z-type MX2 layer is a key aspect of nanocrystal reactivity that explains 
the mechanisms of previously reported ligand exchange reactions. Various neutral ligands drive 
the displacement of Cd(O2CR)2 from CdSe-Cd(O2CR)2 in a manner that depends sensitively on 
the ligand concentration, steric profile, chelation, and hard/soft match with the cadmium center. 
Mixtures of chelating alkanediamines and primary alkylamines displace 95% of the  
191 
 
surface-bound Cd(O2CR)2 resulting in alkylamine-bound nanocrystals with carboxylate 
coverages as low as 0.3 ± 0.1 nm
-2
. This type of reactivity appears to be general for zinc blende 
CdSe and CdS as well as rock salt PbS and PbSe nanocrystals. Changes to the nanocrystal Z-type 
ligand coverage strongly influence the optical properties of these materials. In particular, a 
decrease in the surface-bound Cd(O2CR)2 is shown to greatly reduce the apparent intensity of the 
1Se-2S3/2h transition without significantly influencing the lowest energy absorption. The PLQY is 
also quenched by decreasing the carboxylate coverage, particularly when coverages below  
2 carboxylates nm-2 are reached. This effect is likely derived from the interaction of surface 
cadmium ions with mid-gap chalcogen derived states. The displacement reactivity proved rapid 
and reversible, as did the corresponding changes to the optical properties, behavior that helps 
explain the sensitivity of nanocrystal luminescence. 
 Cadmium and lead chalcogenide nanocrystals have chemical formulas that are dynamic 
at room temperature and depend on the solution composition. Thus, any definition of their purity 
is somewhat arbitrary. However, it is of utmost importance that the solutions in which the 
nanocrystals are handled, and in particular the extent to which Z-type and L-type ligands are 
separated during isolation, is carefully managed. Without controlling their chemical formulas, 
understanding the relationship between nanocrystal properties and structure will be difficult. This 
underscores the need for improved syntheses, isolation procedures, and ligand exchange methods 
that manage stoichiometry. In particular, it demonstrates the need for a defined synthetic starting 
point for further surface chemistry reactions. In the next section, we will discuss the isolation of 




Table 1: Composition of Nanocrystals after Isolation, Displacement and Rebinding of 
M(O2CR)2. 









      (nm)   (nm-2) 
1a CdSe MeOAc 3.6 130(15) 3.3(5) 
1b CdSe 2a + TMEDA 3.6 20(4) 0.5(1) 
1c CdSe 2b + Cd(O2CR)2
f
 3.6 85(10) 2.1(4) 
1d CdSe 2b + Cd(O2CR)2
g
 3.8 150(30) 3.3(6) 
2a CdS TMEDA 4 20(5) 0.4(1) 
2b CdS 2a + Cd(O2CR)2
f
 4 40(10) 1.1(1) 
3 PbSe MeOAc 3.7 135(15) 3.1(5) 
4a PbS MeOAc 3.1 130(15) 4.3(5) 
4b PbS TMEDA 3.1 75(10) 2.4(4) 
 
a) MeOAc: Isolated as reported in the Experimental; TMEDA/RNH2: removal of Cd(O2CR)2 
using 50:50 TMEDA/n-octylamine and isolation as described in the Experimental.  
TMEDA: removal of Cd(O2CR)2 using TMEDA and isolation as described in the Experimental. 
Cd(O2CR)2: addition of cadmium oleate followed by precipitation from THF using methyl acetate 
as described in the Experimental. b) Diameters are calculated from the energy of the lowest energy 
absorption (see Experimental) c) ME (CdSe, CdS, PbSe, PbS) units per nanocrystal (NC) are 
calculated assuming a spherical shape and the molar volume of zinc blende CdSe (17.80 nm
-3
), 
zinc blende CdS (20.09 nm
-3
), rock salt PbS (19.12 nm
-3
), and rock salt PbSe (17.39 nm
-3
). Errors 
shown are propagated from the uncertainty in the diameter, which we estimate to be 
approximately one M–E bond distance (~0.2 nm). d) The number of organic ligands per 
nanocrystal (NC) is measured by comparing the concentration of ligands determined with  
1
H NMR spectroscopy and the concentration of ME determined using absorption spectroscopy; 
(see experimental section for details). e) Ligand densities were calculated by dividing the number 
of ligands per nanocrystal by its surface area assuming a spherical shape. f) room temperature  
g) 240
 ˚






4.3 Stoichiometric Nanocrystals 
4.3.1 Initial Attempts Using Z-type Displacement 
 As we saw from the previous study, the apparent non-stoichiometry of cadmium (and 
other metal) chalcogenides results from binding of excess cadmium precursors to the nanocrystal 
surface, generally as the carboxylate or phosphonate salt. While recent ligand exchange 
approaches have utilize halide, chalcogenide, and thiocyanate salts to target X-type ligands 
without altering stoichiometry,
4,7,22,46,82,83,123-125
 exchanging the X-Type ligand of the M
n+
Xn 
complex can affect the binding affinity of this Z-type ligand by decreasing its Lewis acidity, and 
thereby unintentionally unpassivate surface selenium sites. In addition, we saw in Chapter III 
that nanocrystals can bind ionic salts in an L-type addition, where the halide, chalcogenide, or 
thiocyanate binds an open cadmium site by donating two electrons in the same manner as amines 
or phosphines. Exchange reactions utilizing a large concentration of salt can thus unintentionally 
increase the number of L-type ligands bound to the nanocrystal surface. Therefore, even 
reactions designed to target specific ligands can unintentionally alter the binding affinity of other 
surface species, which affects the optical and electronic properties of these materials. We saw 
this first-hand in the chlorination reaction described in Chapter II, where CdCl2 was 
unintentionally displaced from the nanocrystal surface during an X-type ligand exchange. A 
reproducible method is required to produce well-characterized nanocrystals that can be used to 
study fundamental properties as ligand binding affinity and the nature of trap states at the 
nanocrystal surface that dictate the optical and electronic behavior of these materials.   
Below we describe the first synthesis of a stoichiometric nanocrystal with an equal 
number of metal and chalcogenide ions, specifically, a nanocrystal bound solely by L-type 
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ligands that contain no metal or chalcogenide. With a single type of ligand bound to the surface 
that does not contain an element in the nanocrystal core, this material serves as a starting point 
for future investigations that better address the relationship between surface composition and 
electronic properties. It also demonstrate the value of the neutral fragment model for 
understanding nanocrystal reactivity, in that the nanocrystal core isolated in this study is 
stoichiometric, and the ligands that bind the nanocrystal are either L-type or Z-type  
close-shelled, neutral molecules. We show that high-performance thin film transistors can be 
fabricated from stoichiometric nanocrystals that are not fully passivated. We also demonstrate 
the utility of stoichiometric nanocrystal cores in both studying ligand binding and synthesizing 
new nanocrystal materials with alternative ligands.  
Knowing that TMEDA and primary amines are the most potent Cd(O2CR)2 displacement 
reagents, we attempted to isolate nanocrystals with zero Cd(O2CR)2 bound to the surface. We 




H NMR spectrum of CdSe-Cd(O2CR)2 isolated after treatment with  
1:1 mixture of TMEDA and n-octylamine showing signals from bound n-octylamine  
(180 per NC, 5 nm
-2
) as well as the vinyl resonance  at δ = 5.7 ppm corresponding to  
15 carboxyates per nanocrystal, (0.3 nm
-2
, starting nanocrystals had a 2:1 ratio of oelyl 
tetradecyl). Signals from bound TMEDA are not apparent (for reference:  
δ = 2.2 - 2.6 ppm in (κ
2
-TMEDA)Cd(O2CR)2). Sharp resonance at δ = 4 ppm is from the 
ferrocene internal standard. 
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primary amines might allow access to even lower coverages than either L-type ligand alone. 
Soluble nanocrystals with n-octylamine ligands (d = 3.5 nm, ~170 n-octylamine ligands,  
4.5 ligands nm
-2
, Table 2, Figure 24) could be obtained by displacing Cd(O2CR)2 with a  
50:50 mixture of TMEDA and n-octylamine (see experimental section). However, 
1
H NMR 
spectroscopy of nanocrystals isolated from this solution  shows that 6% of the bound carboxyl 
ligands remain, a decrease from 160 per nanocrystal (4.2 nm
-2
) to 10 per nanocrystal (0.3 nm
-2
). 
No signals from TMEDA are visible in the 
1
H NMR spectrum, presumably because primary 
amines preferentially bind the nanocrystal surface. The stoichiometry of the isolated nanocrystals 
was analyzed with Rutherford backscattering spectrometry, verifying that the Cd:Se ratio 
decreases from 1.10 ± 0.06 to 1.01 ± 0.05 after exposure to TMEDA (Figure 25). Repeated 
treatments with amine and TMEDA mixtures did not further reduce the carboxylate loading, and 
nanocrystals always retained a carboxylate coverage of at least 0.3 nm
-2
. Similar difficulty was  
 
Figure 25. Rutherford backscattering spectra of isolated CdSe-Cd(O2CR)2 (left) and 
TMEDA-treated CdSe-Cd(O2CR)2 (right). The green line is a fit to the Se and the yellow 
line fits the Cd signal. Isolated CdSe-Cd(O2CR)2 have a Cd:Se ratio of 1.1, which 
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previously reported when removing native ligands using pyridine and other neutral donors, 
though the origins of this coverage dependent binding affinity remain uncertain.
15,56,91,122
 
4.3.2 Effect of Acidic Impurities in Nanocrystals 
Scheme 3. Addition of Primary Amine to a Nanocrystal with Acid Impurity.  
 
 
 We hypothesized that this remaining concentration of carboxylate is due to deprotonation 
of residual carboxylic acid by primary amine, resulting in the binding of ammonium carboxylate, 
an L-type ionic salt ligand, where the carboxylate serves as a 2-electron donor to cadmium at the 
nanocrystal surface and is balanced in charge by the ammonium cation (Scheme 3). This 









H} NMR spectroscopy of  




 per nanocrystal, which is consistent with the 
number of remaining oleates bound to the nanocrystals after CdSe-Cd(O2CR)2 is treated several 





 is difficult using NMR spectroscopy, and both ligands constitute impurities 
when targeting a stoichiometric nanocrystal with solely n-alkylamine bound to the nanocrystal 
surface, therefore we sought a practical method to remove both ligands. 
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 Earlier we found that treatment of CdSe-Cd(O2CR)2 with Me2Cd yields  




 impurities after chlorination (Chapter III). To 
ensure full conversion of acidic impurities to metal carboxylate and alkane, an excess of 
organometallic reagent was used (0.1 M solutions) to treat CdSe-Cd(O2CR)2 prior to L-type 
promoted Z-type displacement (Scheme 4). Samples were then exposed to vacuum to remove 
excess organometallic and subsequently precipitated to remove the metal carboxylate formed 
during the reaction.  
  Dimethyl cadmium was used to deprotonate acidic impurities in the  
CdSe-Cd(O2CR)2.
134
 Upon isolation of the nanocrystals first by vacuum and then by 
precipitation using methyl acetate, we found a new, broad feature in the 
1
H NMR spectrum that 
we assign to Me2Cd bound directly to the nanocrystal surface (Figure 26). This is caused by 
either X-type ligand exchange at the cadmium center or Z-type exchange between Cd(O2CR)2 
and Me2Cd at the nanocrystal surface. While this result was unsurprising given that cadmium is 
Scheme 4: Synthesis of Stoichiometric Metal Chalcogenide Nanocrystals by addition of 
organometallic bases to remove acidic impurities followed by L-type ligand promoted  




known to undergo rapid substitution, treatment of CdSe-Cd(O2CR)2 with Me2Cd also 
suppresses the UV-visible absorption spectrum and quenches the PLQY of CdSe nanocrystals 
from 10% to 0.1% (Figure 27). Additionally, we see the appearance of a broad transition in the 
diffuse reflectance infrared spectrum (DRIFTS) of these materials upon brief exposure to 
ultraviolet light Figure 27).. These observations are similar to recent reports of chemical and 
electronic doping in nanocrystals samples.
135
 Interestingly, continued exposure to light recovers 
the original absorption spectrum and the full PLQY while the infrared transition is lost. These 
results correspond to a decrease in the methyl resonance in the 
1
H NMR spectrum of these 
nanocrystals. Interestingly, the 
1
H NMR spectrum after exposure to light also shows an increase 








H NMR spectrum of CdSe-Cd(O2CR)2 nanocrystals isolated after treatment 
with Me2Cd. Inset region shows a broad peak assigned to methyl bound to the 
nanocrystal surface. Integration versus ferrocene (δ = 4 ppm) and determining the 
concentration of nanocrystals using UV-Visible absorption spectroscopy gives a methyl 
coverage of 0.7 nm
-2
 for a 3.3 nm nanocrystal diameter. Sharper peak at δ = -0.69 ppm is 





Figure 27. Top: UV-visible absorption spectra for two CdSe-Cd(O2CR)2 samples. The 
left panel shows a 3.7 nm diameter nanocrystals sample before (green) and after (blue) 
exposure to Me2Cd and isolation by precipitation. All features are suppressed, and the 
total integrated intensity of the absorption spectrum is less after treatment with Me2Cd. 
The top right panel shows the effect of visible irradiation on the absorption spectrum of a 
2.9 nm diameter CdSe-Cd(O2CR)2  over time. Short times are in blue, longer times in 
red. Exposure to light increases the intensity of the electronic transitions, returning the 
absorption spectrum to its original shape. Bottom: Diffuse reflectance infrared Fourier 
transformed spectrum of CdSe-Cd(O2CR)2 after isolation (green), after treatment with 
Me2Cd and brief exposure to light (blue), and after twelve hours of light exposure (red). 
A broad transition, assigned as an inter-band transition due to doping of the nanocrystal, 








H NMR  spectra of a CdSe-Cd(O2CR)2 after treatment with Me2Cd and 
isolation (blue, top) and stored in the dark (black, middle) or light (green, bottom) for 48 
hours. Based on integration of methane peak (δ = 0.17 ppm) versus ferrocene  
(δ = 4 ppm), exposure to light increases the rate of methane production and decreases the 
intensity of the broad peak centered at δ = 0.3 ppm, indicating loss of methyls bound to 
the nanocrystal. 
 
We also used diethyl zinc (Et2Zn) as an alternative, strongly basic, organometallic 
reagent. CdSe-Cd(O2CR)2 isolated after treatment with Et2Zn show a slightly blue-shifted UV-
visible absorption spectrum, and the PLQY is quenched from 10% to 2%, however, these 
changes are not sensitive to light (Figure 29). 
1
H NMR analysis of Et2Zn-treated  
CdSe-Cd(O2CR)2 after removal of excess Et2Zn by vacuum but prior to isolation by 
precipitation reveals a number of sharp peaks corresponding to free metal carboxylate ligands 





Figure 29. UV-visible absorption spectra for isolated CdSe-Cd(O2CR)2 (red, top) after 
exposure to Et2Zn (green, middle) and subsequent Z-type displacement (blue, bottom). 
The slight blueshift in the absorption spectrum after treatment with Et2Zn is not sensitive 




H NMR spectrum of CdSe-Cd(O2CR)2 after treatment with Et2Zn and 
exposure to vacuum, but prior to isolation by precipitation. Sharp peaks correspond to 
Zn(O2CR)2 formed upon either reaction of Et2Zn and acidic impurities, or X-type ligand 




H NMR, FT-IR, and EDX confirm this species as zinc carboxylate (Zn(O2CR)2, R = C13H27 or 
C17H33, Figure 31). At these concentrations, the binding affinity of Zn(O2CR)2 for the 
nanocrystal surface is much lower compared to that of Cd(O2CR)2 (see below), and the 
quenching of the PLQY is consistent with a reduction in the Z-type ligand coverage as we 
discovered above. Nearly 50% of the M(O2CR)2 are displaced during this reaction, presumably 
because zinc and cadmium centers also undergo rapid X-type ligand exchange, forming mixed 
Et-M-O2CR complexes with a weaker affinity for the nanocrystal surface. The observation of 
small amount of metallic precipitate from the isolated Zn(O2CR)2 is indicative of a non-
negligible concentration of M—Et bonds. No ethyl groups appear in the 
1
H NMR spectrum of 
the isolated CdSe-Cd(O2CR)2 after Et2Zn treatment, and no Zn is detected by EDX (Figure 32). 
4.3.3 Preparation of Stoichiometric Nanocrystals  
 Addition of n-alkylamine to acid-free CdSe-Cd(O2CR)2 causes complete displacement 
of all Z-type Cd(O2CR)2, yielding a fully stoichiometric, n-alkylamine-bound CdSe nanocrystal 
solution (CdSe-RNH2, R = C4H9 (Bu), C8H17 (Oc), Scheme 4). 
1
H NMR spectroscopy of 
samples isolated after Z-type ligand displacement show <0.1 carboxylate ligands per nanocrystal, 
corresponding to >90% purity of CdSe nanocrystals bound solely by L-type n-alkylamine 
ligands (Figure 33). Transmission electron microscopy and absorption spectroscopy of  
CdSe-OcNH2 show no change in the size of the nanocrystals (Figure 33), and the PLQY is 
dependent on the concentration of n-alkylamine in solution (See Chapter III).
8
 The coverage of 
n-alkylamine also varies as shown by 
1
H NMR spectroscopy, however a nanocrystals 








Figure 31. Top left: 
1
H NMR spectrum of Zn(O2CR)2 isolated from CdSe-Cd(O2CR)2 
(R = oleyl and tridecyl) treated with Et2Zn. Chemical shifts match a metal carboxylate 
complex with both oleate and tetradecanoate ligands. Top right: FT-IR spectra of 
Zn(O2CR)2 (R = oleyl, tetradecyl) isolated from CdSe-Cd(O2CR)2 after exposure to 
Et2Zn (blue, bottom), oleic acid (green, top), and cadmium tetradecanoate (red, middle). 
The ν
 
(assym) and ν (sym) of the Zn(O2CR)2 are slightly higher in energy than the 
Cd(O2CR)2, consistent with previous tabulations of metal carboxylate stretching 
frequencies.
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 Bottom: Energy dispersion X-ray (EDX) spectrum of Zn(O2CR)2 isolated 
from CdSe-Cd(O2CR)2 after treatment with Et2Zn. Spectrum shows peaks for zinc, but 









H NMR spectrum of CdSe-Cd(O2CR)2 after treatment with Et2Zn  and 
isolation by precipitation. No ethyl resonances are detected in the organometallic region 
of the spectrum (δ = 0.5 to -0.5 ppm). After determining nanocrystal concentration by 
UV-visible absorption spectroscopy, integration versus ferrocene (δ = 4 ppm) indicates a 
decrease in carboxylate coverage of 50%, presumably due to X-type exchange between 
Cd(O2CR)2 and Et2Zn, resulting in a less tightly-bound zinc complex which is 
subsequently removed by precipitation with methyl acetate.    
The ability to synthesize a stoichiometric nanocrystal validates the idea that non-stoichiometry is 
due to excess metal contained within ligands bound to the nanocrystal surface, and is not 
intrinsic to the nanocrystal semiconductor core. In this sense, we are reporting the first truly 
"pure" nanocrystal synthesis, a material totally free from starting materials. The Cd:Se ratio can 
now be tuned separately from the stoichiometry used during the nanocrystal synthesis, meaning 
the ratio of Cd-precursor to Se-precursor may be selected to give the best kinetics for a reaction 
without concern for the final product stoichiometry. Using a stoichiometric nanocrystal as a 
starting material, "non-stoichiometric" materials can now be accessed by adding controlled 
amounts of Cd- or Se-containing ligands, rather than relying on unreacted starting materials to 
bind the nanocrystal surface. In addition, by using volatile ligands to stabilize the stoichiometric 
nanocrystals in solution, stoichiometric CdSe transistors can be fabricated by solution-processed 
techniques. This opens the door for studying the intrinsic properties of CdSe nanocrystals in thin 




Figure 33. (A) Absorbance spectra of CdSe-Cd(O2CR)2 (red) and CdSe-OcNH2 (blue) 
after isolation (d = 3.1 nm, [BuNH
2
] = 9.3 μM). The first electronic transition is not 
affected by the ligand exchange, implying the nanocrystal size remains the same  
(B) Transmission electron micrographs of CdSe-OcNH2. Scale bar is 5 nm. (C)
 1
H NMR 
spectrum of purified CdSe-OcNH2. The amine coverage of 1.9 nm
-2
  
(55±10 per nanocrystal, [BuNH2] =  6.4 mM) is determined by integration of the entire 
signal due to amine (δ =  0.5 - 3.95 ppm) versus ferrocene (*). A minor vinylic impurity 
(δ = 5.3 - 5.8 ppm) represents at most 1 oleate per 10 nanocrystal (0.003 nm
-2
, 90% pure). 
The coverage of n-alkylamine varies as a function of amine concentration, however a 
nanocrystals precipitated once from a 1 M solution of n-octylamine has an amine 
coverage of 1.9 nm
-2





Table 2. Composition of Nanocrystal used in Stoichiometric Study 
Sample
a
















1 - Cd(O2CR)2 3.1(1) 80(10) 2.7(2) 
2 - Cd(O2CR)2 2.9(1) 90(10) 3.8(4) 
2
f
 - Cd(O2CR/Me)2 2.9(1) 90(10)/10(2) 3.8(4)/0.5(1) 
3 - Cd(O2CR)2 3.4(1) 160(30) 4.3 








- 3.5(1) 170(30)/10(2) 4.5(8)/0.3(1) 
1b NH2Oc - 3.1(1) 75(20) 2.5(3) 
2b
f
 NH2Bu - 2.9(1) 40(5) 1.5(2) 
3b NH2Oc - 3.4(1) 80(15) 2.2(4) 
3c - Pb(O2CR)2 3.4(1) 15(3) 0.4(1) 
3d - Zn(O2CR)2 3.4(1) 47(5) 1.3(3) 
3e - In(O2CR)3 3.4(1) 33(4) 0.7(2) 
 
a) Sample nomenclature: number (1,2,3) corresponds to isolated products of different nanocrystal syntheses, letters 
correspond to ligand exchange reactions (a: Z-type displacement using n-octylamine and TMEDA, b: Z-type 
displacement using n-alkyl amines after treatment with Et2Zn, c-e: Z-type binding). b) Diameters are calculated from 
the energy of the lowest energy absorption (see experimental) c) CdSe units per nanocrystal (NC) are calculated 
assuming a spherical shape and the molar volume of zinc blende CdSe (17.80 nm
-3
). Errors shown are propagated 
from the uncertainty in the diameter, which we estimate to be approximately one M–E bond distance (~0.2 nm). d) 
The number of organic ligands per nanocrystal (NC) is measured by comparing the concentration of ligands 
determined with 
1
H NMR spectroscopy and the concentration of CdSe determined using absorption spectroscopy; 
(see experimental section for details). e) Ligand densities were calculated by dividing the number of ligands per 






CdSe-BuNH2 is a perfect starting point for investigating fundamental electronic 
properties of nanocrystalline material. Changes to stoichiometry due to binding of MX2 can alter 
both grain growth and transport properties in thin films, as we saw for the chloride-terminated 
CdSe nanocrystals.
127
 Stoichiometric nanocrystals provide a baseline to systematically measure 
the effects of changing nanocrystal composition (e.g. dopants, ligands, stoichiometry) on 
electronic properties. With FT-IR spectroscopy and elemental techniques, we have shown that 
volatile BuNH2 can be completely removed from thin films under relatively mild conditions that 
do not significantly alter nanocrystal size-distribution, allowing for fabrication of solar cells, 
LED, and other thin-films devices from monodisperse, stoichiometric CdSe nanocrystals. 
Solution processing techniques such as spin-coating and roll-to-roll production can also be 
utilized due to the solubility of CdSe-RNH2. In fact, spin-coated transistors fabricated from 
CdSe-BuNH2 and annealed at 200 °C have mobilities on the order of the best devices made from 
nanocrystalline CdSe without the using dopants or optimizing device geometries. These results 
will soon be submitted for publication, but will not be discussed in detail here.
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4.3.4 Addition of Novel Z-type Ligands  
 Stoichiometric nanocrystals are also ideal for preparing materials with novel ligands 
designed to passivate or functionalize nanocrystal surfaces for various applications.
42,46,67,99,139
 
As a proof-of-concept demonstration, we studied the addition of several metal oleates to  
CdSe-BuNH2. 
1
H NMR spectroscopy was used to monitor the binding over a range over metal 
oleate concentrations while keeping the concentration of nanocrystals and BuNH2 ligands 
constant (0.13 mM in nanocrystal, 11.5 mM in amine). The vinyl region of the spectrum  
(δ = 5.5 - 6.0 ppm) provides a convenient means of measuring bound and free metal oleate. 
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Broad resonances correspond to ligands bound to the nanocrystal surface, while sharp peaks are 
due to metal oleate free in solution. Integrating the broad region thus provides a measurement of 
metal oleate bound to the nanocrystal depending on the concentration of added metal oleate. 
Figure 34 shows the metal oleate coverage of CdSe nanocrystals (d = 3.4 nm) over a 
range of metal oleate concentration for Zn(O2CR)2, Cd(O2CR)2, and Pb(O2CR)2. In all cases, the 
coverage of metal oleate increases with the concentration of metal oleate. Cadmium oleate 
consistently results in greater coverage than Pb(O2CR)2 at a given concentration of metal oleate. 





, respectively, near 15 mM concentrations of metal oleate. These results show that the 
cadmium center has a higher affinity for the selenide sites at the nanocrystal surface than lead. 
The case of Zn(O2CR)2 binding is more complicated. The coverage of Zn(O2CR)2 is lower than 
both Pb(O2CR)2 and Cd(O2CR)2 at metal oleate concentrations below 15 mM. At high 
concentration (25 mM), however, the coverage of Zn(O2CR)2 has surpassed both Cd(O2CR)2 and 
Pb(O2CR)2, which are saturated at this concentration.  
The lower binding affinity of zinc can be rationalized by a poor hard-soft match and 
lower Lewis acidity and also supports our finding that Zn(O2CR)2 formed during treatment of 
CdSe-Cd(O2CR)2 with Et2Zn does not tightly bind the nanocrystal surface. The higher coverage 
at 25 mM is much more surprising, however, as it implies the number of sites available for 
Zn(O2CR)2 binding is greater than in the other two cases which showed no additional binding at 
concentrations above 15 mM. All metal centers should bind open selenide sites at the nanocrystal 
surface, therefore the total number of binding sites should equal the density of selenide at the 




Figure 34. Dependence of M(O2CR)2 coverage on M(O2CR)2 concentration for 
stoichiometric CdSe-BuNH2 (d = 3.4 nm). The coverage of Cd(O2CR)2 (red circles), 
Zn(O2CR)2 (blue squares), and Pb(O2CR)2 (green triangles) was measured by 
1
H NMR 
spectroscopy over a range of M(O2CR)2 concentrations while keeping the concentration 
of nanocrystals (0.13 mM) and n-butylamine ligands (11.5 mM) constant. See 
experimental for additional detail and error analysis. 
 
selenide should be 2.9 nm
-2
. The packing density of alkyl chains in the crystal structure of oleic 
acid is 4.9 nm
-2
, however, sterically limiting the saturation of the nanocrystal surface to  
2.5 M(O2CR)2. All of the metal oleates studied here failed to reach these coverages at room 
temperature. It is important to note that added metal oleate will also bind BuNH2, and therefore 
the extent of metal oleate binding will depend on the concentration of both metal oleate and 
amine (11.5 mM). Amine concentration can also affect the polymeric structure of metal oleates, 
and in turn alter their ability to bind the nanocrystal surface. Carboxylate is also known to bind 
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both cadmium and lead in a bidentate fashion, however zinc carboxylates are generally 
monodentate. These structural differences in the metal oleates may account for the apparent 
ability of zinc oleate to achieve higher coverages than cadmium and lead oleate at room 
temperature.  
We sought to reach higher coverages of the added Z-type ligand by both heating the 
sample in the presence of excess metal oleate and removing the n-butylamine, which competes 
with selenide for the metal center. Previously, we were able to fully rebind Cd(O2CR)2 by 
heating CdSe-Cd(O2CR)2 in the presence of excess Cd(O2CR)2 and oleic to 240° C. We found 
similar results in this study, where CdSe-BuNH2 needed to be heated to 190° C in the presence 
of Cd(O2CR)2 and oleic acid to regain a Z-type ligand coverage of ~1.5 nm
-2
. At room 
temperature however, we were able to synthesize new nanocrystal materials of the generic 
formula CdSe-M(O2CR)x  by mixing M(O2CR)x with CdSe-BuNH2 and removing BuNH2 under 
vacuum. We were able to prepare CdSe-Zn(O2CR)2, CdSe-Pb(O2CR)2, and CdSe-In(O2CR)3 
using this method. The Z-type ligand coverages for these samples are significantly lower than the 
1.5 nm
-2
 coverage achieved after heating to 190
o 
C in the presence of Cd(O2CR)2 (Table 2), 
therefore the nanocrystals have very low PLQY. Higher coverages may be achieved if the 
nanocrystals are heated in the presence of M(O2CR)x, however this may also lead to cation 
exchange and therefore deserves a more in-depth study.
140
 
The transistors and novel material compositions described above demonstrate the 
versatility and utility of stoichiometric nanocrystals free from impurities such as starting 
materials or tightly bound, non-volatile ligands. The stoichiometric nanocrystals reported here 
also serve as a valuable synthon both for synthesizing new nanocrystalline materials with novel 
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ligand compositions and understanding fundamental chemical properties of nanocrystal surfaces, 
such as trap state passivation and ligand binding affinity. Using 
1
H NMR spectroscopy, we have 
compared Z-type ligand addition with several metal centers, and found a relative binding affinity 
of metal oleates that varies with concentration. We also report the synthesis of three new ligand 
compositions: CdSe-Zn(O2CR)2, CdSe-Pb(O2CR)2, and CdSe-In(O2CR)3. While we have 
limited the scope of our study to Z-type ligation, stoichiometric nanocrystals also provide a 
convenient starting point for monitoring L-type ligand exchange. As mentioned previously, 
many prior studies reported conflicting changes to the PLQY of CdSe nanocrystals on addition 
of various Lewis bases, likely because these L-type ligands can both passivate cadmium sites and 
displace Z-type ligands from selenium sites.
16,55,66,87-89,102,141-143
 While the neutral ligand study 
using CdSe-CdCl2/Bu3P (Chapter III) shed some insight into ligand binding affinity, the CdCl2 
ligand in this system may affect the affinity of some ligands for the nanocrystal surface. Using a 
nanocrystal bound by only n-octylamine, competitive binding of L-type ligands can be studied 
without the added complication of Z-type ligands. Stoichiometric nanocrystals could also be 
converted into highly passivated materials with tightly bound Z- and L-type ligands if the proper 
ligands can be discerned through these future studies. Ligand exchange reactions using L-type 
ionic salt ligands could also be studied in greater detail with these materials, either by addition of 




. While these studies 
have yet to be completed, they are active areas of research within our group. 
4.3.5 Summary 
  Stoichiometric CdSe nanocrystals bound by n-alkylamine ligands were synthesized by 
removing impurities remaining after nanocrystal synthesis. Excess acid was removed by addition 
of strong organometallic bases Me2Cd or Et2Zn, and excess metal carboxylate was removed by 
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Z-type displacement using primary amines. We demonstrate the utility of stoichiometric 
nanocrystal by fabricating CdSe transistors with high mobility (~10 cm
2
 (V·s)-1) and low 
hysteresis. Neither doping through excessive non-stoichiometry nor passivation of trap states 
using ligands appear to be essential for high mobility. Annealing at 250 °C does not cause 
significant grain growth, implying that transport may be related to nanocrystalline surfaces in 
these devices. We also monitor the relative binding of zinc-, cadmium-, and lead oleate to 
stoichiometric CdSe nanocrystals over a range of concentrations and found that both ligand 
sterics and Lewis acidity may dictate binding affinity. Pure, stoichiometric nanocrystals can 
serve as a synthon to access exotic compositions of mater, demonstrated by the synthesis of 
CdSe-Zn(O2CR)2 , CdSe-Pb(O2CR)2, and CdSe-In(O2CR)3.  
 We emphasize that the CdSe-RNH2 reported here are the first demonstratively 




 ligands. This material proves that 
metal chalcogenide nanocrystals can be fully stoichiometric, implying non-stoichiometry is due 
to Z-type ligands, specifically metal carboxylates, bound to the nanocrystal surface.  
Non-stoichiometry is not inherent to CdSe nanocrystals but a result of unreacted metal precursor 
in the initial synthesis. This supports the neutral fragment model of metal chalcogenide 
nanocrystals, where electron-accepting Z-type ligands bind selenide sites and electron donating 
L-type ligands bind metal sites of a nanocrystal containing equal amounts of metal and 
chalcogenide. This simple, neutral close-shelled model for metal chalcogenide nanocrystals is a 
valuable tool for exploring new nanocrystal reactions and targeting applications such as thin-film 
photovoltaics and biological labeling. The methods described here provide the first route to the 
stoichiometric nanocrystals that will be the primary synthon for many future explorations into 
the diverse surface chemistry of these interesting materials. 
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4.4 Experimental Details 
 
4.4.1 Metal Oleate Synthesis  
 Cadmium oleate and cadmium eliadate were synthesized by adding the appropriate 
carboxylic acid in a 1:2 ratio to Me2Cd dissolved in pentane. The resulting white powder was 
filtered and dried under vacuum. Lead oleate was prepared using a similar method reported 
previously for cadmium myristate.
61
 Briefly, a 1 L methanol solution containing 1.8 g (45 mmol) 
NaOH and 12.7 g (45 mmol) oleic acid were stirred at 60 °C until the solution was clear. Once 
clear, a 250 mL methanol solution containing 6.6 g (19.9 mmol) Pb(NO3)2 was added drop-wise. 
Upon slow cooling to 5 °C in a refrigerator a white powder precipitated, which was collected by 
filtration, washed with cold methanol, and dried under reduced pressure for 24 hours. Zinc oleate 
was synthesized from the zinc nitrate and oleic acid on 25 mmol scale following a modified 
procedure reported previously.
61
 Indium oleate was prepared from a 3:1 ratio of oleic acid and 
trimethyl indium in toluene and isolated under vacuum. 
 
4.4.2 Synthesis of CdS-Cd(O2CR)2 (R = C13H27) 
 Tetradecanoate-terminated, zinc blende CdS nanocrystals were synthesized and isolated 
at 2 the concentration and 5 the volume reported previously.
32
 The isolation procedure 
involves precipitating the nanocrystals from a TMEDA/toluene solution, rather than  
methyl acetate. Isolated nanocrystals were dissolved in benzene-d6 and the methyl region of the 
1
H NMR spectrum was used to confirm that no free ligands were present. Typical stock solutions 
used for NMR spectroscopy ([
–
O2CR] = ~ 10 mM; [NC] = ~ 0.3 mM) were diluted for  
UV-visible absorption spectroscopy and PLQY measurements ([
–




4.4.3 Synthesis of PbS-Pb(O2CR)2 (R = oleyl (C17H33)) 
 Lead oleate-bound, lead sulfide nanocrystals were synthesized using a previously 
reported procedure.
144
 Typical reactions were run at 50 mL scale using of lead (II) oxide  
(0.12 molar), oleic acid (1.2 molar), and Pb:S ratio of 2:1. Isolated nanocrystals were dissolved 
in benzene-d6 and the vinyl region of the 
1
H NMR spectrum was used to analyze the sample for 
free ligands. Samples without signals from free oleyl chains were used to make benzene-d6 stock 
solutions for ligand exchange studies. Typical stocks used for NMR spectroscopy  
([
–
O2CR] = ~ 50 mM; [NC] = ~ 0.4 mM) were diluted for UV-Vis-NIR measurements  
([NC] = ~ 0.4 µM). 
 
4.4.4 Synthesis of PbSe-Pb(O2CR)2 (R = oleyl (C17H33)) 
 Lead oleate-bound, lead selenide nanocrystals were synthesized using a previously 
reported procedure.
145
 Typical reactions were run at 50 ml scale using lead (II) oxide (0.1 molar), 
oleic acid (0.3 molar), and a Pb:Se:diphenylphosphine ratio of 1:2:0.2. Isolated nanocrystals 
were dissolved in benzene-d6 and the vinyl region of the 
1
H NMR spectrum used to analyze the 
sample for free ligands. Samples without signals from free oleyl chains were used to make 
benzene-d6 stock solutions for ligand exchange studies. Typical stocks used for  
NMR spectroscopy ([
–
O2CR] = ~ 20 mM; [NC] = ~ 0.1 mM) were diluted for UV-Vis-NIR 
measurements ([NC] = ~ 0.1 µM). 
 
4.4.5 Measurement of the Ligand and ME Concentration 
 Nanocrystals with n-octylamine ligands were precipitated from neat n-octylamine using 
methylacetate, isolated by centrifugation and twice reprecipitated from pentane solution with 
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methylacetate to ensure that the remaining amine is all derived from surface bound ligands, 
rather than adventitious amine. 
8,146
 The molar concentration of CdSe, CdS, PbS, and PbSe 
nanocrystals in these stock solutions was determined by diluting 10-30 μl to a known volume 
with toluene and measuring the absorbance at  = 350 nm for CdSe and CdS nanocrystals and at 





4.4.6 Calculation of Ligand per Particle and ME Units per Ligand Ratios  
The wavelength of the lowest absorption maximum was used to determine the average 
nanocrystal diameter
151,148
 The diameter of PbS and PbSe nanocrystals were determined from the 
wavelength of the lowest energy absorption feature according to Hens.
149,150
 From this diameter 
the number of ME (M = Cd, Pb; E = Se, S) units per nanocrystal were calculated by assuming a 
spherical shape and the molar volume of the bulk. The concentration of nanocrystals, the ratio of 
ligands per nanocrystal and the ligand surface density assuming a spherical shape were 
calculated from the number of ME units per nanocrystal, the molar concentration of ME, and 
ligands in the stock solution.  
 
4.4.7 Isolation of Cd(O2CR)2 Removed from CdSe-Cd(O2CR)2 with Bu3P or TMEDA  
 Cadmium selenide nanocrystals (4 g) were dissolved in a benzene-d6 solution of Bu3P or 
TMEDA (8 ml, 0.5 M) and stirred for 3 hours. The solution was diluted to a total volume of  
30 ml, and methylacetate was added to a total volume to 90 ml causing precipitation of the 
nanocrystals. After separation of the nanocrystals by centrifugation (7000 RPM for 5 minutes), 
the clear, colorless supernatant was decanted and the nanocrystals dissolved in 15 ml of toluene 
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and precipitated a second time with methyl acetate. The nanocrystals were separated by 
centrifugation and the clear, colorless supernatant decanted. This process was repeated a third 
time, after which the nanocrystals were discarded, and the combined supernatants dried under 
vacuum. A clear oil remained which had faint but perceptible pink hue, that was dissolved in 
toluene and diluted with methyl acetate to precipitate any remaining nanocrystals, which were 
separated by centrifugation. The volatiles were removed under vacuum and the residue again 
dissolved in toluene, diluted with methyl acetate and centrifuged to remove any remaining 
nanocrystals. The resulting clear solution was distilled to dryness under vacuum and dried for  
3 hours, resulting in a clear, pale yellow oil that was analyzed with NMR, infrared absorption, 
and x-ray photoelectron spectroscopies.  
Removal with Bu3P: 
1
H NMR (C6D6, 500 MHz):  = 0.93 (m, 15H, -CH3), 1.1-1.6  
(b, 62H, -CH2, -CH2P), 1.84 (m, 4H, β-CH2), 2.08 (m, 8H, -C=CCH2), 2.52 (t, 4H, α-CH2),  




H} NMR (C6D6, 202.4 MHz):  = -16.7 (b). FT-
IR (Diamond ATR): ν = 1384 cm
-1
 (s CO2 asym), 1564 cm
-1
 (s CO2 sym), 1730 cm
-1
 (w COOH), 
2925 cm
-1
 (s C-H).  
Removal with TMEDA: 
1
H NMR (C6D6, 500 MHz):  = 0.91 (t, 6H, -CH3),  
1.2-1.6 (b, 44H, -CH2), 1.84 (m, 4H, β-CH2), 1.94 (s, 4H, -NCH2), 2.09 (m, 8H, -C=CCH2),  
2.24 (s, 12H, -N(CH3) 2), 2.52 (t, 4H, α-CH2), 5.49 (m, 4H,  -CH=CH), 9.3 (b, -NH).  
FT-IR (Diamond ATR): ν = 1382 cm
-1
 (s CO2 asym), 1560 cm
-1
 (s CO2 sym),  
1720 cm
-1
 (w COOH),  2920 cm
-1




4.4.8 Isolation of Cd(O2CR)2 Removed from CdSe-Cd(O2CR)2 with Methanol 
 Cadmium selenide nanocrystals (1.86 g) were dissolved in toluene (10 ml) and removed 
from the glove box in a centrifuge tube. In air, methanol was added to a total volume to 50 ml 
causing precipitation of the nanocrystals. After separation of the nanocrystals by centrifugation 
(7000 RPM for 5 minutes), the clear, colorless supernatant was decanted and saved. The 
nanocrystals were then dissolved in 10 ml of toluene, precipitated a second time with methanol, 
separated by centrifugation, and the clear, colorless supernatant decanted and saved. This process 
was repeated three additional times, after which the nanocrystals were discarded, and the 
combined supernatants distilled to dryness under vacuum. A clear faintly pink oil remains that 
was dissolved in toluene and diluted with methanol to precipitate any remaining nanocrystals. 
which were removed by centrifugation. This process was repeated once and the final clear 
supernatant was distilled to dryness under vacuum, resulting in a clear, pale yellow oil that was 
analyzed with NMR and infrared absorption spectroscopies.  
1
H NMR (C6D6, 500 MHz):  = 0.95 (m, 6H, -CH3), 1.1-1.5 (b, 44H, -CH2),  
1.84 (m, 4H, β-CH2), 2.1 (m, 8H, -C=CCH2), 2.52 (t, 4H, α-CH2), 5.49 (m, 4H,  -CH=CH)  
FT-IR (Diamond ATR): ν = 1383 cm
-1
 (s CO2 asym), 1564 cm
-1
 (s CO2 sym), 2925 cm
-1
 (s C-H), 
3200 cm
-1
 (b O-H). 
4.4.9 Isolation of Pb(O2CR)2 removed from PbS-Pb(O2CR)2 with TMEDA.  
 Lead sulfide nanocrystals (0.5 g) were dissolved in benzene-d6 (2 mL) and TMEDA  
(3 mL) was added. After stirring for 10 minutes, acetonitrile (5 mL) was added and the 
nanocrystals separated by centrifugation. The clear supernatant was collected and dried under 





H NMR spectroscopy. Infrared absorption spectroscopy was performed using 
diffuse reflectance geometry as a mixture with KBr. Energy dispersive X-ray spectroscopy was 
conducted on a film drop-cast on a highly ordered pyrolitic graphite substrate using a Cold Field 
Emission Hitachi 4700 Scanning Electron Microscope.  
1
H NMR (C6D6, 500 MHz):  = 0.91 (t, 6H, -CH3), 1.2-1.6 (b, 44H, -CH2), 1.84 (m, 4H, β-CH2), 
1.94 (s, 4H, -NCH2), 2.09 (m, 8H, -C=CCH2), 2.24 (s, 12H, -N(CH3)2), 2.52 (t, 4H, α-CH2),  
5.49 (m, 4H,  -CH=CH), 9.3 (b, -NH). FT-IR (Diamond ATR): ν = 1384 cm
-1
 (s CO2 asym), 
1560 cm
-1
 (s CO2 sym), 1720 cm
-1
 (w COOH),  2920 cm
-1
 (s C-H). 
 
4.4.10 Correlation between PLQY and percent Cd(O2CR)2 displacement measurements 
 In a J-Young NMR tube, a 0.02 M solution of a desired ligand was prepared by adding 
the ligand (10 μl of a 1.1 M benzene-d6 stock solution) to a 590 μl  stock solution of nanocrystals 
in benzene-d6 (0.02 M in 
-
O2CR). For higher concentrations (0.2 M and 2.0M), a second and 
third addition of ligand were added (1.1 x 10
-4
 mol and 1.1 x 10
-3
 mol respectively).  
1
H NMR spectra were acquired within 10 minutes after ligand addition. The among of ligand 
displaced was determined by integrating the sharp resonance of free oleyl chains as a percentage 
of total vinyl region. Separate stock solutions of nanocrystals (2.4 x 10
-5
 M in 
-
O2CR) and  
0.02 M, 0.2 M, and 2.0 M in displacement ligand were prepared in quartz curvettes under 







4.4.11 Rebinding of Cd(O2CR)2 to CdSe-Cd(O2CR)2 after treatment with TMEDA 
 In a three-neck round-bottom flask equipped with a thermocouple adapter, reflux 
condenser, and septum, 100 mg of cadmium elaidate, 25 mg of oleic acid, and 5 ml of a  
0.08 M (in 
-
O2CR) solution of CdSe nanocrystals in 1-octadecene were degassed and then heated 
to 240 °C under argon for 1 hour. The solution was then transferred via cannula to a Teflon 
stoppered Schlenk flask and transported to a glove box. Nanocrystals were isolated using three 
cycles of dissolution in tetrahydrofuran and precipitation with methyl acetate. Tetrahydrofuran 
was necessary to separate the polymeric cadmium carboxylate. The isolated nanocrystals were 
dried under vacuum and dissolved in benzene-d6 for NMR and UV-vis analysis.  
 
4.4.12 Rebinding of Cd(O2CR)2 to CdS-Cd(O2CR)2 after treatment with TMEDA 
 In a nitrogen-filled glove box, a 0.05 mM (in nanocrystals) solution of TMEDA-treated 
CdS-Cd(O2CR)2 (see synthesis above) in benzene-d6 (2 mL) was combined with THF  (5 mL) 
in a vial charged with a stir bar. Cadmium oleate powder (300 mg; 390 mmol) was added to this 
solution, which was left to stir for >3 hours. Nanocrystals were isolated using one cycle of 
dissolution in tetrahydrofuran and precipitation with methyl acetate, followed by two cycles of 
dissolution in pentane and precipitation with methyl acetate. The isolated nanocrystals were 
dried under vacuum and dissolved in benzene-d6 for NMR and UV-vis analysis.  
 
4.5.13 Deprotonation Purification of CdSe-Cd(O2CR)2 using Metal Alkyl Compounds 
 In a typical synthesis, a 400 mM solution of metal alkyl (1.7 mg of Me2Cd or 1.9 mg or 
Et2Zn) was made from 5 mL of a CdSe-Cd(O2CR)2 stock solution [Cd(O2CR)2] = ~ 100 mM; 
[NC] = ~ 2 mM) in a 16 mL vial covered with tape to avoid light exposure. The solution was 
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stirred for 12 hours in the glove box and dried by vacuum, removing unreacted alkyl metal and 
solvent. Nanocrystals were dissolved in ~5 mL toluene, precipitated using ~40 mL methyl 
acetate, and centrifuged at 7000 rpm for 5 minutes. The supernatant was discarded and the 
nanocrystals were redissolved for two additional precipitation/centrifugation steps. The final 
nanocrystal powder was dissolved in benzene-d6 for 
1
H NMR and UV-visible spectroscopies  
(see above). 
4.4.14 Synthesis of CdSe-RNH2 by Z-type Displacement  
 n-Alkylamine (R = octyl, butyl) (2 mL) was added to a stock solution of CdSe-
Cd(O2CR)2 (2 mL, [Cd(O2CR)2] = 0.1 M) and stirred for 1 hour. Nanocrystals were isolated by 
precipitation using methyl acetate and centrifugation. The red precipitate was dissolved in  
2 mL of toluene and 2 mL of n-alkylamine and stirred for another hour before isolation by 
precipitation and centrifugation. Nanocrystals were treated with n-alkylamine a total of three 
times. After the third treatment, nanocrystals were precipitated and centrifuged an additional two 
times. If precipitation resulted in insoluble nanocrystals, 20 μL of primary amine was added to 
the nanocrystals to aid in re-dissolution. After the final centrifugation the nanocrystals were 
dissolved in pentane, dried under vacuum, and characterized by NMR and UV-visible absorption 
spectroscopies (see above).  
4.4.15 Titration of CdSe-BuNH2 with M(O2CR)2 (M = Cd, Zn, Pb; R = C17H33)  
 A 10 mL toluene-d8 stock solution of CdSe-BuNH2 ([NC] = 0.13 mM,  
[NH2Bu] = 11.5 mM) with a ferrocene standard (0.43 mM) was prepared and used as the zero 
equivalents point for the titration with M(O2CR)2. A 1 mL aliquot of this stock solution was 
added to 24 μmol of M(O2CR)2 to make a second stock solution ([M(O2CR)2] = 24 mM). These 
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two stock solutions were used in varying ratios to prepare samples at other concentrations of 
M(O2CR)2, thereby keeping the concentration of nanocrystals, n-butylamine, and ferrocene 
constant.  A separate toluene-d8 solution ([NC] = 0.1 mM, [NH2Bu] = 1.2 mM,  
[M(O2CR)2] = 150 mM) was prepared for the most concentrated titration endpoint. The 
concentration and density of surface-bound M(O2CR)2 was determined using  
1
H NMR spectroscopy by integrating the broad resonance in the vinyl region versus the 
ferrocene standard as described above.  
4.5.16 Preparation of CdSe-M(O2CR)x (M = Cd, Zn, Pb (x = 2), In (x =3); R = C17H33)  
 A 0.1 mM solution of CdSe-BuNH2 with an BuNH2 concentration of 1.15 mM was 
prepared in toluene (20 ml). The amine and toluene were removed under reduced pressure  
(20 mtorr) for 6 hours, after which a 150 mM slurry of the desired metal oleate in toluene was 
added to the flask under air-free conditions. The flask was then stirred at room temperature for  
2 hours, after which the toluene was removed under reduced pressure. The nanocrystals were 
cleaned by precipitating with methyl acetate as described above and dissolved in toluene-d8 for 
1
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5.1 The Death of the TOPO Model  
 Clearly, this work reflects the value of an accurate and predictive model regarding the 
surface chemistry of metal chalcogenide nanocrystals. The field has been stymied by
1
  the TOPO 
model. X-type (Chapter II) and Z-type (Chapter IV) exchange reactions rely on a more inclusive 
model of nanocrystal surface chemistry. We have also demonstrated that TOPO is a poor ligand 
for nanocrystal surfaces, at least in the case of chloride-terminated CdSe nanocrystals, using our 
L-type ligand binding affinity series (Chapter III). Both the non-stoichiometric model and the 
neutral fragment model are far better descriptions of nanocrystal reactivity. Both admit that 
nanocrystals are much more complex than simply a sphere covered in greasy ligands. Knowledge 
regarding the nature of the ligands is essential for understanding both the optical and electronic 
properties of nanocrystals as well as functionalize these materials for device applications. The 
record-breaking performance of transistors made from materials described here is an example of 
this knowledge coming to fruition.  
5.2 Interdependence of Nanocrystal Surface Chemistry  
 We have identified several classes of ligands throughout this thesis, and have investigated 
several different surface chemistry reactions. Each of these studies explicitly demonstrated the 
complexity and interrelated essence of these various ligand classes. For example, the X-type 
ligand exchange described in Chapter II relies on the binding of L-type ligands to the nanocrystal 
surface in order to keep the nanocrystals soluble both during and after the reaction. Addition of 
these L-type ligands displaces some CdX2 from the nanocrystal surfaces, an example of L-type 
promoted Z-type displacement (Chapter IV). The binding affinity of the L-type ligand is also 
affected by both the nature of the added ligand (Chapter III) and the X-type ligand bound to the 
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nanocrystal surface. In addition, this X-type ligand affects the binding affinity of CdX2 for 
selenium sites at the nanocrystal surface.  
 The ligand binding affinity series described in Chapter III was also likely influenced by 
the presence of X-type chloride at the nanocrystal surface, as well as CdCl2 present in solution. 
Because this study was more qualitative than quantitative, we did not discuss the Z-type 
displacement efficiency of the various ligands added and how this side reaction might influence 
the apparent binding affinity of various ligands. We did see, for example, that Cy3P displaces 
Bu3P from CdCl2 but not the nanocrystal surface. We also saw that some ligands react in more 
complicated ways. For instance, TOPS appears to exchange sulfur groups with Bu3P, causing 
dissociation of Bu3P from the nanocrystal surface, however this reaction may not be L-type 
exchange in the sense of one Bu3P dissociating and a TOPS molecule binding the now-vacant 
cadmium site. Most significantly, the ligand binding affinity series in Chapter III is specific only 
to chloride-terminated CdSe nanocrystals. While the same properties likely play a role in the  
L-type binding of other materials (i.e. sterics are more important than electronics), the specific 
series is probably different for other metal chalcogenides, and possibly even other CdSe 
nanocrystals with different stoichiometry (Z-type ligand coverage), shape, and size. 
 Perhaps the most poignant example of the interrelated nature of nanocrystal ligand 
classes was demonstrated in Chapter IV. L-type promoted Z-type displacement (and the converse 
reaction, Z-type promoted L-type displacement) may appear to be merely acid-base chemistry, 
however this simple reaction has dictated the majority of ligand exchanges with metal 
chalcogenide nanocrystals over the past two decades. Again, the displacement ability of different 
L-type ligands (and binding affinity of different Z-type ligands) will be affected by the 
nanocrystal core, including not just material composition, but likely size and shape as well. 
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Nanocrystals also likely have a multitude of binding sites that depend on the geometry and facets 
of the nanocrystal, which in turn would affect the energy levels and binding affinity of different 
sites. In addition, the surface chemistry of metal chalcogenide nanocrystals is likely allosteric, 
meaning adding or removing a ligand from the nanocrystal surface may affect the binding 
affinity of both neighboring ligands (through sterics) or possible the entire nanocrystal (through 
electronics). Binding a Lewis acid or Lewis base may affect the acidity and basicity of the entire 
nanocrystal. While we only mentioned surface reconstruction in passing as a possible 
explanation for the altered photo-physics of nanocrystals with low surface coverage, this 
property likely plays a major role in nanocrystal surface chemistry and therefore deserves further 
investigation. 
5.3 Developing the Neutral Fragment Paradigm  
 Clearly much more work must be done to fully understand and therefore accurately 
predict the reactivity of these materials, the work describe here has made strides towards the tree 
of knowledge regarding nanocrystal surface chemistry. Possibly the most valuable step towards 
harvesting this succulent fruit has been the reliance upon and reinforcement of fairly simple yet 
extraordinarily valuable models of nanocrystal surface chemistry. The neutral fragment model in 
particular was developed through the experiments described in the Section 4.2 of Chapter IV, 
and then used to first envision and then synthesize a stoichiometric nanocrystal in Section 4.3. 
This process both validated the model's key assumptions while demonstrating its value as a 




 One interesting corollary of the neutral fragment model is the classification of various 
ligand reactions in terms of their effect on the nanocrystal core. The neutral fragment model of a 
metal chalcogenide nanocrystal results in two families of fundamental reactions: 
I.) Direct, inner-sphere reactions: those that make or break a bond to the 
stoichiometric nanocrystal core. These reactions consist of L- and Z-type 
associations and dissociations. 
 II.) Indirect, outer-sphere reactions: reactions within a ligand, i.e. any reaction 
that does not necessarily add or displace a ligand from the stoichiometric 
nanocrystal surface. 
As we discussed above,  changing the composition of the ligand can affect its binding affinity for 
the nanocrystal surface, the extent to which it passivates the nanocrystal, and nanocrystal 
solubility, but fundamentally we can define any reaction that would take place even without the 
nanocrystal present is an indirect reaction with respect to the nanocrystal.  
 Two fundamental steps occur at the surface of nanocrystals. Ligands either associate 
(bind) or dissociate from the nanocrystal surface. In the simplest of terms, these two steps 
describe all of the reactivity in this work. An exchange reaction is defined as a perfect one-for-
one association and dissociation within a single ligand class (e.g. one L
1







The ligand binding series in Chapter III was assembled by monitoring the association and 
dissociation of L-type ligands. This likely involved exchange when the ligands were sterically 
similar (Bu3P and tri-n-octylphosphine) along with simple association when a smaller ligand was 













Scheme 2: Indirect Nanocrystal Reactions 
 
dissociating, but then begins to exchange with Bu3P at higher concentration.  A displacement 
reaction is the dissociation of one ligand caused by the introduction of another ligand from a 
different class. Both L-promoted Z-type displacement (Chapter IV) and Z-promoted L-type 
displacement can occur. 
 We also described several indirect (outer-sphere) reactions. In Chapter II, the X-type 
chlorination reaction is an example of an indirect reaction, as Me3Si-Cl will cleave carboxylate 
from Cd(O2CR)2 with or without the nanocrystal. The binding of Bu3P is a direct reaction 
(association) as the phosphine interacts with a cadmium site at the nanocrystal surface.  
Tri-n-butylphosphine also displaced CdCl2, another example of a direct reaction. The counter-ion 







 is an indirect reaction, as the chloride of the ionic salt ligand is always formally 
bound to the nanocrystal.  
 The deprotonation of either a carboxylic acid (L-type ligand) or an ammonium 
carboxylate salt (ionic L-type ligand) on addition of Me2Cd or Et2Zn is another interesting 
example of counter-ion exchange, an indirect reaction. In the case of the acid deprotonation, the 
product would be a Z-type ligand (Cd(O2CR)2), which does not immediately appear to be a 
simple outer-sphere reaction. However, as Scheme 3 depicts, deprotonation of L-type-bound 
carboxylic acid would first result in L-type bound carboxylate, which does not in fact make or 
break a bond to the nanocrystal surface. The counter ion to this carboxylate is cadmium 
monocarboxylate. In all likelihood, this ionic salt will dissociate from the nanocrystal 
(dissociation) and then bind as a Z-type ligand (association). In the case of ammonium 
carboxylate deprotonation, both an L-type amine and Z-type cadmium carboxylate are formed, 
and these may either bind the nanocrystal surface or bind each other (both dissociation reactions 
with respect to the carboxylate).  




 These reaction steps are not meant to be mechanistic in a technical sense, and therefore 
do not dictate the order of reactivity, but instead serve as a method for categorizing nanocrystal 
ligand chemistry and thus develop rational hypotheses. Proper accounting of both ligands and 
nanocrystal should allow for more predictive surface chemistry of metal chalcogenide 
nanocrystals.  Most importantly, the neutral fragment model lays the foundation for an ordered 
pedagogy for teaching nanocrystal surface chemistry to future students. Perhaps the greatest 
challenge for the field of nanocrystals is unifying the disjointed and often cacophonous 
discourse. The literature has truly flourished from contributions by physics, chemists, engineers, 
biologists and everything in between, however, the science has also been hindered by a lack of 
common language between factions.
2
 Organic chemistry in particular has thrived under a 
standard nomenclature that makes all publications and presentations accessible to a wide 
audience. Currently, the majority of nanomaterial courses serve primarily as surveys of the 
literature, and while valuable as inspiration for young students, development of a uniform 
curriculum to train new scientists in the multidisciplinary art of nanoscience is key towards the 
maturation of this branch of knowledge.   
5.4 Future Reflections  
 The work described in the previous three chapters may serve as a basis
3
 for this future 
pedagogy. In Chapter II, we described the synthesis of three novel compounds through X-type 
ligand exchange and L-type ligand addition: CdSe-CdCl2/Bu3P, CdSe-CdBr2/Bu3P, and  
CdSe-CdI2/Bu3P. The chloride-terminated CdSe nanocrystals bound by Bu3P were explored in 
detail, and served as the basis for this L-type ligand exchange reactions explored in Chapter III. 
The other members of the halide series have not been studied in great detail, and deserve more 
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attention. In particular, the binding affinity for different L-type ligands is likely influenced by the 
nature of the Z-type CdX2 bound the nanocrystal surface.  
 In addition, the library of available trimethylsilyl X-type exchange reagents is immense. 
Presumably the X-type ligand exchange chemistry described in Chapter II can be expanded to 
other trimethylsilyl reagents, including pseudo halides and chalcogenides. Trimethylsilyl cyanide 




 to probe the geometry and binding mode of X-type 
ligands at nanocrystals surfaces. Trimethylsilyl triflate may yield non-stoichiometric 
nanocrystals without tightly bound X-type ligands that may be soluble in aqueous solution or 
potentially useful for electrodeposition techniques. The bis-trimethylsilyl chalcogenides may be 
used to better passivate CdSe nanocrystals by designing core@shell reactions.
4-11
 Each of these 
reaction would need to be tuned though to find the appropriate L-type ligand to stabilize these 
novel nanocrystals. Adaptation of this X-type exchange chemistry towards other metal 
chalcogenide systems may not be straightforward either, however halogenation of CdTe and the 




 In Chapter III, we discussed both direct and indirect L-type ligand exchange at the 
surface of chloride-terminated CdSe nanocrystals. The L-type ligand exchange involving  
[Bu3P-H]
+
-free CdSe-CdCl2/Bu3P led to a qualitative understanding of the criteria required for 
L-type ligand binding at sterically congested surfaces of metal chalcogenide nanocrystals. This 
ligand series will likely differ for other materials, and comparison of different ligand binding 
affinity series for different materials could be fascinating. Outer-sphere cation exchange of 
CdSe-CdCl2/[Bu3P-H][Cl] shed some insight into the physical properties of ionic salt-bound 
nanocrystals, however much more work needs to be done in this area. Not only does this sub-
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class of ligand open the door for a variety of new nanocrystal compounds, they can also be used 
to tune the solubility of these materials, and thus hold the potential to access water-soluble 
nanocrystals ideal for biological imaging.
18-20
 Ionic salts are also rapidly becoming the state-of-
the-art when it comes to ligand exchanges designed to adapt nanocrystal for thin film  
devices.
21-29
 Using phosphorus-containing cations could provide a means to quantitatively study 
the effect of these ionic salts on device performance, which has not yet been done. We have 
demonstrated the advantage of using well-characterized nanocrystal materials to fabricate 
transistors; deposition of CdSe-CdCl2/BuNH2 followed by sintering to remove the volatile 
organic ligands has led to record-breaking mobilities.
12
 
 Arguably the most significant of our contributions to the field was described in  
Chapter IV. L-type promoted Z-type displacement is essential to nanocrystal surface chemistry, 
and though unknown before our work, has been the primary means for nanocrystal ligand 
exchange for the past twenty years. We have demonstrated that the coverage of Z-type ligands, 
in particular, Cd(O2CR)2, has a super-linear relationship with PLQY. Dropping to coverage 
below 2 nm
-2
 causes PLQY to be quenched. The Owen group is currently involved in 
collaborations to better understand the mechanism behind these photophysical properties using 
time-resolved photoluminescence and transient absorption spectroscopies as well as pair 
distribution function analysis to investigating the effects surface reconstruction.  
 In addition, L-type promoted Z-type displacement was used to access fully stoichiometric 
CdSe nanocrystals that should serve as a synthon for future nanocrystal reactions. These 
impurity-free nanocrystals have also been converted into high-performance thin films with 
record-breaking mobilities.
30
 Excess stoichiometric nanocrystals relied on a deprotonation 
reaction using highly-basic organometallic compounds, and the photo-doping caused by  
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Me2Cd-treatment deserves further exploration. The ubiquity of the Z-type displacement reaction 
should make this chemistry applicable to many metal chalcogenide nanocrystal systems, and 
these efforts are currently underway in the Owen group.
31
 This will open the door for 
fundamental studies designed to describe the reactivity of metal chalcogenide nanocrystals, 
including the effects of size and shape on the photophysical properties of these materials. With 
this knowledge in hand, these materials can be further developed for a variety of applications, 
including biological labeling and photovoltaic devices. The science described in this thesis has 
laid the ground work for further exploration, and the author looks forward to seeing these seeds 
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Appendix I. Comprehensive list of nanocrystal samples 







        (nm) (nm)   (nm
-2
) 
NCAV019 CdSe(w) CdO3PR  
522 2.59 323 15.4 
NCA201 CdSe(w) CdO3PR  
578 3.75 115 2.6 
ZMN047 CdSe(w) CdO3PR  
586 4.02 65 1.3 
NCAII267 CdSe(zb) Cd(O2CR)2  
541 2.87 76 2.9 
NCAII273 CdSe(zb) 





Cd(O2CR)2 NH2Oc 537 2.90 
0 0.0 
Cd(O2CR)2 NH2Oc 41 1.6 
NCAII267 CdSe(zb) Cd(O2CR/Me)2  
541 2.87 23 0.9 
NCAII289 CdSe(zb) Cd(O2CR)2 NH2Oc 538 2.90 4 0.2 
NCAII293 CdSe(zb) Cd(O2CR)2  
555 3.15 83 2.7 
NCAV011 
CdSe(zb) Cd(O2CR)2 NH2Bu 553 3.10 
152 5.0 
 
Cd(O2CR)2 NH2Bu 1 0.0 
NCAV023 CdSe(zb) 
Cd(O2CR)2 NH2Oc 553 3.10 
53 1.8 
Cd(O2CR)2 NH2Oc 0 0.0 
NCAII061 CdSe(zb) Cd(O2CR)2  
561 3.28 100(15) 2.9(5) 
NCAII063 CdSe(zb) Cd(O2CR)2  
561 3.28 70(11) 2.0(4) 
NCAII089 CdSe(zb) Cd(O2CR)2  
567 3.44 50 1.3 
NCAII143 CdSe(zb) Cd(O2CR)2  
568 3.46 159 4.2 
NCAII161 CdSe(zb) 
Cd(O2CR)2 NH2Oc 568 3.46 
13 0.3 
Cd(O2CR)2 NH2Oc 145 3.8 
NCAII039 CdSe(zb) Cd(O2CR)2  
569 3.49 4654 
Not 
Clean 
NCAII039B CdSe(zb) Cd(O2CR)2  
569 3.49 91 2.4 
NCAII039C CdSe(zb) Cd(O2CR)2  
569 3.49 60 1.6 
NCAII041 CdSe(zb) Cd(O2CR)2  
569 3.49 36 0.9 
NCAII229 CdSe(zb) Cd(O2CR)2  
569 3.49 143 3.7 
NCAII231 CdSe(zb) Cd(O2CR)2  
569 3.49 133 3.5 
NCAII233 CdSe(zb) Cd(O2CR)2  
569 3.49 125 3.3 
NCAII235 CdSe(zb) Cd(O2CR)2  
569 3.49 57 1.5 
NCAII237 CdSe(zb) Cd(O2CR)2  
569 3.49 60 1.6 
NCAII257 CdSe(zb) Cd(O2CR)2  
569 3.49 44 1.1 
NCAII259 CdSe(zb) 




NCAII271 CdSe(zb) Cd(O2CR)2 NH2Oc 570 3.52 53 1.4 
NCAII107 CdSe(zb) Cd(O2CR)2  
571 3.55 129 3.3 
NCAII135 CdSe(zb) Cd(O2CR)2  
571 3.55 39 1.0 
NCAII145 CdSe(zb) Cd(O2CR)2  
571 3.55 20 0.5 
NCAII185 CdSe(zb) Cd(O2CR)2  
571 3.55 66 1.7 
RASI003 CdSe(zb) Cd(O2CR)2  
574 3.63 106 2.6 
NCAII051 CdSe(zb) Cd(O2CR)2  
575 3.66 194 4.6 
NCAII057 CdSe(zb) Cd(O2CR)2  
575 3.66 138 3.3 
NCAII239 CdSe(zb) Cd(O2CR/Me)2  
575 3.66 126 3.0 
NCAII211 CdSe(zb) Cd(O2CR)2  
577 3.72 143 3.3 
NCAII213 CdSe(zb) Cd(O2CR)2  
577 3.72 138 3.2 
NCAII215 CdSe(zb) Cd(O2CR)2  
577 3.72 135 3.1 
NCAII217 CdSe(zb) Cd(O2CR)2  
577 3.72 127 2.9 
NCAII219 CdSe(zb) Cd(O2CR)2  
577 3.72 106 2.4 
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        (nm) (nm)   (nm
-2
) 
NCAII223 CdSe(zb) Cd(O2CR)2  
577 3.72 95 2.2 
NCAII225 CdSe(zb) Cd(O2CR)2  
577 3.72 78 1.8 
AKB131 CdSe(zb) Cd(O2CR)2  
578 3.75 98 2.2 
NCAII205 CdSe(zb) Cd(O2CR)2  
578 3.75 160 3.6 
NCAII203 CdSe(zb) Cd(O2CR)2  
579 3.79 190 4.2 
RENA CdSe(zb) Cd(O2CR)2  
579 3.79 33 0.7 
NCAII043 CdSe(zb) Cd(O2CR)2  
580 3.82 179 3.9 
NCAII043B CdSe(zb) Cd(O2CR)2  
580 3.82 75 1.6 
NCAII027 CdSe(zb) Cd(O2CR)2 NH2Oc 582 3.89 116 2.4 
NCAII067 CdSe(zb) Cd(O2CR)2  
584 3.95 72 1.5 
NCAII071 CdSe(zb) Cd(O2CR)2  
584 3.95 111 2.3 
NCAII025 CdSe(zb) Cd(O2CR)2 NH2Oc 586 4.02 88 1.7 
NCAII045 CdSe(zb) Cd(O2CR)2  
605 4.81 106 1.5 
NCA205 CdSe(w) CdCl2 
Bu3P 
[Bu3PH][Cl] 
572 3.57 911 
Not 
Clean 
NCA255 CdSe(w) CdCl2 
Bu3P 
[Bu3PH][Cl] 
573 3.60 42 1.0 
NCA223 CdSe(w) CdCl2 
Bu3N 
[Bu3NH][Cl] 
578 3.75 43 1.0 
NCA259 CdSe(w) CdCl2 
Bu3P 
[Bu3PH][Cl] 
583 3.92 33 0.7 
NCAIII119 CdSe(zb) CdCl2 [Bu3PH][Cl] 560 3.26 94 2.8 
NCAIII065 CdSe(zb) CdCl2 
Bu3P 
[Bu3PH][Cl] 
560 3.26 22(3) 0.5(1) 
NCAIV009 CdSe(zb) CdCl2 
DdNH2 
[DdNH3][Cl] 
560 3.26 64(10) 1.9(3) 
NCAIII075 CdSe(zb) CdCl2 
OcNH2 
[OcNH3][Cl] 
567 3.40 59(9) 1.6(3) 
NCAIII025 CdSe(zb) CdCl2 
Bu3P 
[Bu3PH][Cl] 
569 3.49 34 0.9 
NCAIII083 CdSe(zb) CdCl2 
BuNH2 
[BuNH3][Cl] 
571 3.53 192 4.9 
NCAIII049 CdSe(zb) CdCl2 
Bu3P 
[Bu3PH][Cl] 
575 3.66 39 0.9 
NCAIII051 CdSe(zb) CdCl2 
Bu3P 
[Bu3PH][Cl] 
575 3.66 19(3) 0.3(1) 
AKB132 CdSe(zb) CdCl2 Bu3P 578 3.75 22 0.5 
AKB133 CdSe(zb) CdCl2 Me2POc 578 3.75 125 2.8 
NCAIII029 CdSe(zb) CdCl2 
Bu3P 
[Bu3PH][Cl] 
579 3.79 38(5) 0.7(1) 
NCA257 CdSe(zb) CdCl2 
Bu3P 
[Bu3PH][Cl] 
582 3.89 18 0.4 
NCA265 CdSe(zb) CdCl2 
Bu3N 
[Bu3NH][Cl] 
582 3.89 37 0.8 
NCA247 CdSe(zb) CdCl2 
Et3P 
[Et3PH][Cl] 
583 3.92 21 0.4 
NCA239 CdSe(zb) CdCl2 
Bu3P  
[Bu3PH][Cl] 
585 3.99 52 1.0 
NCAIII087 CdSe(zb) CdBr2 
BuNH2 
[BuNH3][Br] 
571 3.53 90 2.2 
NCAIII091 CdSe(zb) CdI2 
BuNH2 
[BuNH3][I] 



































MPH-CdS1 CdS(zb) Cd(O2CR)2  
425 4.00 20(5) 0.4(1) 
MPH-CdS2 CdS(zb) Cd(O2CR)2  
425 4.00 40(10) 1.1(1) 
JJC-PbSe PbSe(rs) Pb(O2CR)2  
1290 3.70 135(15) 3.1(5) 
JJC-PbS1 PbS(rs) Pb(O2CR)2  
960 3.10 130(15) 4.3(5) 
JJC-PbS2 PbS(rs) Pb(O2CR)2  
960 3.10 75(10) 2.4(4) 
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Appendix II. Representative 
1
H NMR and UV-visible absorption spectra for CdSe-Cd(O2CR)2 
with varying Z-type ligand coverages 






































Figure 1: Graph depicting PLQY (top, red) and Cd(O2CR)2 displacement (bottom, blue) as a 
function of ligand concentration for methyl acetate (A), nonanyl nitrile (B), Bu3N (C), 
tetrahydrofuran (D), tetradecanol (E), N,N-dimethyl-n-butylamine (F), Bu3P (G), N,N,N',N'-
tetramethylbutylene-1,4-diamine (H), pyridine (I), TMEDA (J), n-octylamine (K), and a 50:50 
(mol) mixture of TMEDA and n-octylamine (L). Loss of Cd(O2CR)2 decreases PLQY, except in 





Figure 2. Normalized photoluminescence spectra for CdSe nanocrystals treated with various 
Lewis bases used to compile Figure 18, Chapter IV. Changes to the photoluminescence were 
monitored at 0.00 M (black), 0.02 M (red), 0.20 M (green), and 2.0 M (blue). In general, 
increasing the concentration of Lewis bases quenches photoluminescence depending on the 
ability of the base to remove Cd(O2CR)2, with the exception of the primary amine solutions, 







Figure 3. UV-visible absorption spectra for CdSe nanocrystals treated with various Lewis bases. 
Changes to the UV-visible spectra were monitored at 0.00 M (black), 0.02 M (red), 0.20 M 
(green), and 2.0 M (blue). In general, increasing the concentration of Lewis bases broadens the 
1Se-2S3/2h depending on the ability of the base to remove Cd(O2CR)2, with the exception of the 
primary amine solutions, where 1Se-2S3/2h is initially broadened but then narrows as amines bind 





Figure 4. Vinyl region of the 
1
H NMR spectra of CdSe-Cd(O2CR)2 (0.02 M in carboxylate, see 
experimental section for more detail) with added Lewis bases (0.00 M (black, top), 0.02 M (red), 0.2 M 
(green), and 2.0 M (blue, bottom)). Appearance of sharp vinyl peak corresponds to displacement of L–
Cd(O2CR)2. Percent free is calculated by integrating the sharp vinyl peak versus the full vinyl region. 
Numbers listed below each spectra correspond to the % displaced at 2.0 M. Changes to the chemical 
shifts of both free and bound signals at high concentration of ligand added may be due to a change in the 
dielectric of the solvent medium.  The final 2.0 M concentration  is ~20% by volume added ligand. 
Similarly, as an increasing amount of Cd(O2CR)2 is removed from the nanocrystal the density of aliphatic 
ligands changes as does their local dielectric medium. 
 
 
